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OR purposes of record and for the benefit of members who were 
not in attendance at the Twenty-eighth Annual Convention of 
the Society, held in Atlantic City, November 18 to 22, 1946, the 
Programs of the Technical Papers and Educational Lectures together 
with the Reports of Officers for 1946 are herewith published in full. 


TECHNICAL PAPERS PROGRAM 


MONDAY, NOVEMBER 18 


Ballroom, Municipal Auditorium—10:00 A. M. 
High-Temperature Alloys 
Joint Chairmen—A. E. Focke, Diamond Chain and Manufacturing Co., and 
M. F. Judkins, Firth-Sterling Steel Co. 

The Development of a Turbosupercharger Bucket Alloy, by E. Epremian, 
Rensselaer Polytechnic Institute. 

Thé Stress Rupture and Creep Properties of Heat Resistant Gas Turbine Alloys, 
by Nicholas J. Grant, Massachusetts Institute of Technology. 

Structural Variations in Gas Turbine Alloys Revealed by the Stress-Rupture 
Test, by Nicholas J. Grant, Massachusetts Institute of Technology. 


Room 20, Municipal Auditorium—10:00 A. M. 
Magnesium Alloys 
Joint Chairmen—C. F. Lucks, Battelle Memorial Institute, and 
W. E. Sicha, Aluminum Company of America 
Some Spécial Metallographic Techniques for Magnesium Alloys, by P. F. 
George, Dow Chemical Co. 
Calculation of Press Forging Pressures and Application to Magnesium Forgings, 
by R. L. Dietrich and G. Ansel, Dow Chemical Co. 
Plastic Deformational Analyses on Pure Magnesium, by Louis A. Carapella and 
William E. Shaw, Mellon Institute of Industrial Research. 
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Room 21, Municipal Auditorium—10:00 A. M. 
Stainless Steel 
Joint Chairmen—Elmer Gammeter, Globe Steel Tubes, and 
J. F. Kahles, University of Cincinnati 

Stability of Austenite in Stainless Steels, by C. B. Post and W. S. Eberly, 
Carpenter Steel Co. 

The Cold Work Hardening Properties of Stainless Steel in Compression, by 
F. K. Bloom, G. N. Goller and P. G. Mabus, Rustless Iron & Steel Div., 
American Rolling Mill Co. 

Quantitative Evaluation of Intergranular Corrosion of 18-8 Ti, by Freeman J. 
Phillips, Carnegie-Illinois Steel Corp. 


Room 20, Municipal Auditorium—2:00 P. M. 
Steelmaking 
Joint Chairmen—Horace C. Knerr, Metlab Co., and 
C. G. Stephens, Gathmann Industrial Corp. 

Ladle Deoxidation of Killed Steel With Silicon Carbide and Its Effect on 
Physical Properties and Hardenability, by E. A. Loria and A. P. Thompson, 
Mellon Institute of Industrial Research. 

The Physical Chemistry of Acid Refining Process, by Yap Chu-Phay, National 
Resources Commission of China. 

The Chromium-Oxygen Equilibrium in Liquid Iron, by Hsin-Min Chen, 
Carnegie-Illinois Steel Corp., and John Chipman, Massachusetts Institute 
of Technology. 


Room 21, Municipal Auditorium—2:00 P. M. 
Nonferrous Alloys 
Joint Chairmen—Alfred Bornemann, Stevens Institute of Technology, and 
W. E. Sicha, Aluminum Company of America 
The Precipitation Heat Treatment of Work Hardened 61 S-W Aluminum Alloy, 
by J. J. Warga, Kaiser Fleetwings. 
Constitution of the System Indium-Tin, by F. N. Rhines, W. M. Urquhart and 
H. R. Hoge, Carnegie Institute of Technology. 
New Wrought Zinc Alloys Containing Small Amounts of Beryllium, by R. H. 
Harrington, General Electric Co. 


TUESDAY, NOVEMBER 19 


Ballroom, Municipal Auditorinm—10:00 A. M. 
Heat Treatment of Toolsteels 
Joint Chairmen—Morris Cohen, Massachusetts Institute of Technology, and 

A. L. Feild, Rustless Iron and Steel Div., American Rolling Mill Co. 

Bainitic Hardening of High Speed Steel, by C. K. Baer and Peter Payson, 
Crucible Steel Co. of America. 

The Tempering of High-Alloy Toolsteels, by G. A. Roberts, A. H. Grobe and 
C. F. Moersch, Jr., Vanadium-Alloys Steel Co. 

Changés in Size and Toughness of High-Carbon High-Chromium Steels Due to 


Subzero Treatments, by L. E. Gippert and G. M. Butler, Jr., Allegheny 
Ludlum Steel Corp. 


Room 20, Municipal Auditorium—10:00 A. M. 
Crystal Structure 
Joint Chairmen—Willard L. Hults, Schnefel Bros. Co., and 
F. J. Robbins, Plomb Tool Co. 

Pole Figures of the Effect of Some Cold Rolling Mill Variables on Low-Carbon 

Steel, by John Karl Wood, Jr., Pennsylvania State College. 
X-Ray Study of the Effect of High Hydrostatic Pressures on the Perfection of 

Crystals, by Louis Rosen, Santa Fe, N. M. 
A Periodic Chart for Metallurgists, by Carl A. Zapffe, Baltimore, Md. 
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Room 21, Municipal Auditorium—10:00 A. M. 
Iron Alloys 
Joint Chairmen—John E. Dorn, University of California, and 
Paul Ffield, Bethlehem Steel Co. 

Formation and Transformation Siudies of Iron-Carbon Powder Alloys, by J. F. 

Kahles, University of Cincinnati. 
Carbon Concentration Control, by E. G. de Coriolis, O. E. Cullen and Jack 

Huebler, Surface Combustion Corp. 
Decarburization During Annealing of Malleable Iron, by H. A. Schwartz and 

James Hedberg, National Malleable and Steel Castings Co. 


Room 20, Municipal Auditorium—2:00 P. M. 
Physical Properties and Testing 


Joint Chairmen—L. E. Ekholm, Climax Molybdenum Co., and 
E. A. Snader, Westinghouse Electric Corp. 


Precipitation in a Magnesium Sheet, by C. T. Haller, International Nickel Co., 
and C. S. Barrett, Institute for the Study of Metals, University of Chicago. 

Folding in the Cupping Operation, by W. M. Baldwin, Jr., and T. S. Howald, 
Chase Brass & Copper Co. 

Bearing Properties of 24 S-T Sheet and Shear Strength of 24 S-T Rivets at 
Elevated Temperatures, by A. E. Flanigan, L. F. Tedson and J. E. Dorn, 
University of California. 


Room 21, Municipal Auditorium—2:00 P. M. 
Temper Brittleness 
Joint Chairmen—R. H. Aborn, Federal Shipbuilding & Dry Dock Co., and 
F. J. Robbins, Plomb Tool Co. 
Development of Temper Brittleness in Alloy Steels, by W. S. Pellini, American 
Brake Shoe Co., and B. R. Queneau, Carnegie-Illinois Steel Corp. 
A Metallographic Etchant to Reveal Temper Brittleness in Steel, by J. B. Cohen, 
A. Hurlich and M. Jacobson, Watertown Arsenal. 
Electrolytic Conductivity as a Méthod for Studying Electronic Transitions in 


Elements—A pplication to Iron, Nickel and Cobalt, by W. R. Ham and C. 
H. Samans, American Optical Co. 


WEDNESDAY, NOVEMBER 20 


Ballroom, Municipal Auditorium—10:00 A. M. 
A.S.M. Annual Meeting 


Edward de Mille Campbell Memorial Lecture— 
The Effect of Changes in Condition of Carbides on Some Properties of Steel, 
by J. B. Austin, United States Steel Corp. 


Chairman—Herbert J. French, International Nickel Co. 


Room 20, Municipal Auditorium—2:00 P. M. 
Heat Resisting Alloys 
Joint Chairmen—F. C. Lehman, Joslyn Manufacturing and Supply Co., and 
W. A. Mudge, International Nickel Co. 


Changes in Austenitic Chromium-Nickel Steels During Exposures at 1100 to 
1700 F, by Peter Payson and C. H. Savage, Crucible Steel Co. of America. 

Cast Heat Resistant Alloys of thé 16% Chromium, 35% Nickel Type, by 
Howard S. Avery and Norman A. Matthews, American Brake Shoe Co. 

The Apparent Influence of Grain Size on the High-Temperature Properties of 
Austenitic Steels, by C. L. Clark, Timken Roller Bearing Co., and J. W. 
Freeman, University of Michigan. 
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Room 21, Municipal Auditorium—2:00 P. M. 
Research and Inspection 
Joint Chairmen—R. C. Dalzell, Revere Copper and Brass, Inc., and 
W. J. Diederichs, The Autocar Co. 

A Study of Furnace Brazing as Applied to 12% Chromium Low-Carbon Steel, 

by T. H. Gray, Westinghouse Electric Corp. 
Stress Cracking of Electroplated Lockwashers, by K. B. Valentine, Pontiac 

Motor Div., General Motors Corp. 
Nondestructive Inspection of Mine Hoist Cable, by P. E. Cavanagh, Allen B. 


DuMont Laboratories, Inc., and R. S. Segsworth, General Engineering 
Co., Ltd. 


THURSDAY, NOVEMBER 21 


Ballroom, Municipal Auditorium—10:00 A. M. 
Transformation of Austenite 
Joint Chairmen—V. N. Krivobok, International Nickel Co., and 
N. I. Stotz, Braeburn Alloy Steel Co. 

The Interrupted Quench and Its Practical Aspects, by Howard E. Boyer, 

American Bosch Corp. 
Experimental Studies of Continuous Cooling Transformations, by C. A. Lied- 

holm, Curtiss-Wright Corp. 


Isothermal Transformation of Austenite, by Axel Hultgren, K. Tekniska 
Hogskolan, Sweden. 


Room 20, Municipal Auditorium—10:00 A. M. 
Copper Alloys 
Joint Chairmen—H. W. Highriter, Vascoloy-Ramet Corp., and 
S. E. Sinclair, The Geometric Tool Co. 

Influence of the Strain Rate and thé Stress System on the Mechanical Properties 
of Copper, by D. J. McAdam, Jr., G. W. Geil and D. H. Woodard, National 
Bureau of Standards. 

Copper-Manganese Alloys—-the Properties of Cold-Worked and Annealed Alloys 
Containing 2 to 20% Manganese, by R. S. Dean, J. R. Long, T. R. Graham 
and D. P. Sugden, U. S. Bureau of Mines. 


Age Hardening Copper-Cobalt-Manganese Alloys, by Jay W. Fredrickson, 
University of Utah. 


Room 21, Municipal Auditorium—10:00 A. M. 
Steelmaking 
Joint Chairmen—O. W. Ellis, Ontario Research Foundation, and 
A. W. Grosvenor, Drexel Institute of Technology 

Ingot Factors in the Production of Seamless Gun Tubes, by J. W. Spretnak, 

Carnegie Institute of Technology, K. L. Fetters, Youngstown Sheet & Tube 

_ Co., and E. L. Layland, Westinghouse Electric Corp. 

Kinetics of Solidification of Killed Steel Ingots, by J. W. Spretnak, Carnegie 

Institute of Technology. 


Theoretical Thermal Studies of Steel Ingot Solidification; by Victor Paschkis, 
Columbia University. 


Room 20, Municipal Auditorium—2:00 P. M. 
Hardness and Hardenability 
Joint Chairmen—A. O. Crobaugh, Ingersoll-Rand Co., and 
J. O. Jeffrey, Cornell University 
The Measured Knoop Hardnéss of Hard Substances and Factors Affecting Its 
Determination, by Newman W. Thibault and Helen L. Nyquist, Norton Co. 
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Determination of Knoop Hardness Numbers Independent of Load, by L. P. 
Tarasov and N. W. Thibault, Norton Co. 

Hardenability of Shallow Hardening Steels Determined by the P-V Test, by B. 
F. Shepherd, Ingersoll-Rand Co. 


Room 21, Municipal Auditorium—2:00 P. M. 
Physical Properties 
Joint Chairmen—H. I. Dixon, Sterling Alloys, Inc., and 
T. Holland Nelson, Consulting Metallurgist 
The Effect of Composition on the Fatigue Strength of Decarburized Steel, by 
L. R. Jackson and T. E. Pochapsky, Battelle Memorial Institute. 
Hardness Testing of Metals and Alloys at Elevated Temperatures, by Frederick 
P. Bens, Climax Molybdenum Co. of Michigan. 
Mechanical Properties of Cast Low-Alloy Steels, by Malcolm F. Hawkes, 
Carnegie Institute of Technology. 


FRIDAY, NOVEMBER 22 


Ballroom, Municipal Auditorium—10:00 A. M. 
Carburizing 
Joint Chairmen—C. F. Pogacar, Mellon Institute of Industrial Research, and 
G. A. Roberts, Vanadium-Alloys Steel Co. 
Carburized Casés of Hypoeutectoid Carbon Content, by P. C. Rosenthal and 
G. K. Manning, Battelle Memorial Institute. 
Carbide and Oxide in Surface Zones of Carburized Alloy Steels, by Axel Hult- 
gren and Erik Hagglund, K. Tekniska Hogskolan, Sweden. 
Transformations in Krupp-Type Carburizing Steels, by A. R. Troiano and J. 
E. DeMoss, University of Notre Dame. 


Room 20, Municipal Auditorium—10:00 A. M. 
Microstructure 
Joint Chairmen—A. O. Schaefer, The Midvale Co., and 
R. G. Spencer, Washington University Research Foundation 
The Effécts of Microstructure on the Mechanical Properties of Steel, by J. H. 
Hollomon, L. D. Jaffe, D. E. McCarthy and M. R. Norton, Watertown 
Arsenal. 
Metallurgical and Structural Investigation of Steel Castings for Aircraft, by L. 
W. Smith and L. D. Morris, Cornell Aeronautical Laboratory. 
Factors Influencing the Pearlitic Microstructure of Annealed Hypoeutectoid 
Steel, by R. A. Grange, United States Steel Corp. 


Room 21, Municipal Auditorium—10:00 A. M. 
Cast Steels 


Joint Chairmen—D. M. McCutcheon, Ford Motor Car Co., and 
F. N. Rhines, Carnegie Institute of Technology 


The Effect of Manganese on the Properties of Cast Carbon and Carbon- 
Molybdenum Steels, by N. A. Ziegler, W. L. Meinhart and J. R. Goldsmith, 
Crane Co. 

Relation of Quenching Rate and Hardenability to the Mechanical Properties of 
Several Heat Treated Cast Alloy Steels, by Charles R. Wilks, Howard S. 
Avery and Earnshaw Cook, American Brake Shoe Co. 

A Laboratory Study of Quench Cracking in Cast Alloy Steels, by M. C. Udy 
and M. K. Barnett, Battelle Memorial Institute. 
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Room 21, Municipal Auditorium—2:00 P. M. 
Hydrogen Embrittlement 
Joint Chairmen—M. Gensamer, Pennsylvania State College, and 
M. J. Stutzman, Midwest Research Institute 
Practical Importance of Hydrogen in Metal-Arc Welding of Steel, by S. A. 
Herres, Battelle Memorial Institute. 
' Effect of Composition, Heat Treatment, and Cold Work on the Hydrogen 
Embrittlement of Stainless Steel Wire During Cathodic Pickling, by Carl 
A. Zapffe, Baltimore, Md., and O. George Specht, Jr., Grede Foundries. 
Acid Composition, Concentration, Temperature and Pickling Time as Factors in 
the Hydrogen Embrittlement of Mild Steel and Stainless Steel Wire, by 
Carl A. Zapffe and M. Eleanor Haslem, Baltimore, Md. 
Méasurement of Embrittlement During Chromium and Cadmium Electroplating 
and the Nature of Recovery of Plated Articles, by Carl A. Zapffe and M. 
Eleanor Haslem, Baltimore, Md. 


EDUCATIONAL LECTURES 


MONDAY, NOVEMBER 18 


Room B, Municipal Auditorium—2:00 P. M. 
Sleeve Bearing Metals 
Chairman—John K. Anthony, Metro Smelting Co. 


Fundamental Considerations Concerning the Behavior of Bearings, by R. W. 
Dayton, Battelle Memorial Institute. 

Some General Comments on Bearings, by Carl E. Swartz, Johns Hopkins 
University. 

Cast Bronze Bushings, by Leighton M. Long, Toledo, Ohio. 

Porous Metal Bushings, by A. J. Langhammer, Chrysler Corp., Amplex Division. 


Room A, Municipal Auditorium-—3:00 P. M. 
Electronic Inspection 
Chairman—J. O. Lord, Ohio State University 


Electronic Methods for the Measurement of Stress in Metals, by Henry F. 
Hamburg, Chance Vought Aircraft Division. 


Room B, Municipal Auditorium—-8:00 P. M. 
Sleeve Bearing Metals 
Chairman—Carl E. Swartz, Johns Hopkins University 


Newer Bearing Materials, by I. C. Sleight, Menasco Mfg. Co., and L. W. Sink, 
P. R. Mallory and Co. 


Electroplated Bearings, by Ralph A. Schaefer, Cleveland Graphite Bronze Co. 
Aluminum Alloy Bearings, by H. Y. Hunsicker, Aluminum Co. of America. 


Room A, Municipal Auditorium—8:00 P. M. 
Physical Metallurgy of Aluminum 
Chairman—E. H. Dix, Jr., Aluminum Company of America 
Constitution of Aluminum Alloys, by W. L. Fink, Aluminum Co. of America. 


TUESDAY, NOVEMBER 19 


Room B, Municipal Auditorium—2:00 P. M. 
Sleeve Bearing Metals 
Chairman—A. F. Underwood, General Motors Corp. 


Mechanical Features of Steel-Backed, Bearings, by E. Crankshaw and J. Men- 
rath, Cleveland Graphite Bronze Co. 
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Moraing Durex-100 Engine Bearings, by J. A. Lignian, Moraine Products 
Division, General Motors Corp. 


Bronze-Backed Bearings, by Bernard J. Esarey, National Bearing Division, 
American Brake Shoe Co. 


Preparing Cast Iron Surfaces for Bonding, by J. H. Shoemaker, Kolene Corp. 


Room A, Municipal Auditorium—3:00 P. M. 
Electronic Inspection 
Chairman—J. A. Berger, Molybdenum Corp. of America 


Spectrochemical Analysis of Metals and Alloys by Direct Intensity Measurement 
Methods, by J. L. Saunderson, Dow Chemical Co. 

Uses of the DuMont Cyclograph for Testing of Metals, by R. S. Segsworth, 
General Engineering Co., Ltd. 


Room B, Municipal Auditorium—8:00 P. M. 
Sleeve Bearing Metals 
Chairman—A. J. Langhammer, Chrysler Corp. 


Selection of Bearing Materials, by Arthur F. Underwood, General Motors Re- 
search Laboratories. 

Selection of Bearing Materials in the Electrical Industry, by D. F. Wilcock, 
Thomson Laboratory, General Electric Co. 

Railroad Journal Bearings, by E. S. Pearce, Railway Service and Supply Corp. 


Room A, Municipal Auditorium—8:00 P. M. 
Aluminum 
Chairman—E. H. Dix, Jr., Aluminum Company of America 
Metallography of Aluminum Alloys, by F. Keller, Aluminum Co. of America. 


WEDNESDAY, NOVEMBER 20 


Room B, Municipal Auditorium—2:00 P. M. 
Sleeve Bearing Metals 
Chairman—R. W. Dayton, Battelle Memorial Institute 


Aircraft Engine Bearings, by J. Palsulich and R. W. Blair, Wright Aeronautical 
Corp. 


p 
British Thought and Practice: How They Differ From American, by W. H. 
Tait, Glacier Metals Co., Ltd. 


Room A, Municipal Auditorium—3:00 P. M. 
Electronic Inspection 
Chairman—G. R. Fitterer, University of Pittsburgh 


Supersonic Inspection of Metals, by E. O. Dixon, Ladish Drop Forge Co. 
Detérmination of Seams in Steels by Magnetic Analysis Equipment, by Charles 
M. Lichy, Jones & Laughlin Steel Corp. 


Room A, Municipal Auditorium—8 :00 P. M. 
Aluminum 
Chairman—FE. H. Dix, Jr., Aluminum Company of America 
Commercial Cast Aluminum Alloys, by W. E. Sicha, Aluminum Co. of America. 


Room B, Municipal Auditorium—8:00 P. M. 
Cast Iron 
Chairman—J. O. Lord, Ohio State University 
Structure of Cast Iron, by Alfred Boyles, U. S. Pipe & Foundry Co. 
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THURSDAY, NOVEMBER 21 


Room B, Municipal Auditorium—2:00 P. M. 
Cast Iron 
Chairman—W. J. Diederichs, Autocar Co. 
Structure of Cast Iron, by Alfred Boyles, U. S. Pipe & Foundry Co. 


Room A, Municipal Auditorium—3:00 P. M. 
Electronic Inspection 
Chairman—F. Keller, Aluminum Company of America 


The Electron Microscope and Its Application to Metals, by C. S. Barrett, Uni- 
versity of Chicago. 


Room B, Municipal Auditorium—4:00 P. M. 
Aluminum 
Chairman—E. H. Dix, Jr., Aluminum Company of America 


Commercial Wrought Aluminum Alloys, by J. A. Nock, Jr., Aluminum Co. of 
America. 


FRIDAY, NOVEMBER 22 


Room B, Municipal Auditorium—2:00 P. M. 
Cast Iron 
Chairman—C. O. Burgess, Union Carbide and Carbon Research Laboratories 
Structure of Cast Iron, by Alfred Boyles, U. S. Pipe & Foundry Co. 


Room A, Municipal Auditorium—2:00 P. M. 
Electronic Inspection 
Chairman—C, F. Pogacar, Mellon Institute of Industrial Research 
Electronics in Liquid Steel, by Harold T. Clark, Jones & Laughlin Steel Corp. 


Room 20, Municipal Auditorinm—2:00 P. M. 
Aluminum 
Chairman—H. Y. Hunsicker, Aluminum Company of America 


Thermal Treatments of Aluminum Alloys, by E. H. Dix, Jr., Aluminum Co. 
of America. 


ANNUAL MEETING OF 
AMERICAN SOCIETY FOR METALS 


Atlantic City, Wednesday, November 20, 1946 


The meeting was called to order by President Herty, who an- 
nounced that the first order of business was the President’s report. 
He then asked Vice-President Boegehold to occupy the chair while 
he read his report. This is published in full beginning on the next page 
of this volume of TRANSACTIONS. 
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VICE-PRESIDENT BOEGEHOLD: You have heard the report of the 
President. There being no comments the report will stand as read. 
I now return the chair to the President. 

PRESIDENT Herty: The next order of business will be the annual 
report of the Treasurer, Harold K. Work. 

Treasurer Work presented his report which appears in full be- 
ginning on page 13. 

PRESIDENT HeErtTy: You have heard the report of the Treasurer. 
There being no objections it will stand as read. The next order of 
business is the report of the Secretary: 

Secretary Eisenman presented his report which appears in full 
beginning on page 15. 

PRESIDENT Herty: You have heard the report of the Secretary. 
There being no objections it will stand as read. The next order of 
business is the election of officers. See page 22. 


ANNUAL ADDRESS OF THE PRESIDENT 
Cuarces H. Herty, Jr., President 
Twenty-eighth Annual Convention, Atlantic City, November 19, 1946 


T the last annual meeting, held in Cleveland, Ohio, in February 
1946, the President, Kent R. Van Horn, had the pleasure of 
reviewing for you the activities of your Society during the war years 
and he presented a story of which we all may be justly proud. At 
this time it is my duty to present a brief summary of the Society’s 
activities during the reconversion year just past. 

It was quite freely predicted at one time that our membership 
would decrease sharply following the end of hostilities, but a review 
of membership data for previous years shows the following: October 
1, 1941, 12,684 members; on October 1, 1945, 19,629 members, and 
on November 1, 1946, 20,134 members. We have held all our war 
gains and are actually on a sound and steady increase in membership. 
Another interesting figure deals with the change in junior member- 
ship. On October 1, 1941, just before we entered the war, the 
junior membership was 790, equal to 6.3% of the total. On October 
1, 1945, this had dropped to 184, equal to 0.9% of the total. On 
November 1, 1946, we had 425, equal to 2.1%. If the pre-war ratio 
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of junior members holds, we should look forward to from 1200 to 
1500 junior members in the near future. This holds much promise 
for the continuing health and success of the Society. 

We have survived the immediate past with no losses in chapters, 
though some have been hard pressed, and have added four members 
to the family—Des Moines, Los Alamos, Saginaw Valley, and Mich- 
igan College of Mining and Technology. We now have 67 chapters. 

This year your president carried the secretary’s suitcases to 28 
chapters. Even with restrictions on Pullman reservations, uncer- 
tainties as to meetings due to strikes and the discomforts of wartime 
travel with which we are all familiar, the swing around the circuit 
was a great pleasure and I was particularly impressed with the 
determination of certain chapters to go through under adverse pros- 
pects, and with the enthusiasm of the members of all chapters. In 
talking matters over with the various executive committees and 
looking over the chapters’ programs for the year, it was interesting 
to note the presence and activity of so many of the younger members. 
The Society is a splendid vehicle for young men in our industry to 
become acquainted with their fellows and to become known to the 
profession at large, through the media of the Metal Congress and 
local section meetings. Here is the place where the Society can do its 
best work in promoting the interests of its members, and I believe that 
the chapters as a whole could take advantage of the fine success that 
certain chapters have had with meetings where the speakers consist 
of a group of the younger members. More power to them. 

The extraordinary advances made in all scientific fields during 
the war years are now beginning to be felt in our peacetime lives. 
Many of the developments were in the field of metallurgy, and many 
others will profoundly affect our metallurgical activities in years to 
come. We must make certain that our Society keeps abreast of the 
times in these matters. We have the personnel and the vehicles for 
so doing. 

The Board of Trustees has held the customary four meetings 
per year and I can assure you that each meeting was full of interesting 
items as regards the Society’s welfare. These meetings serve as an 
excellent clearing house for questions and suggestions from the 
chapters as a complete discussion can be held on matters which are 
brought up from time to time by the local chapter executive com- 
mittees. This year a goodly proportion of the time of the meetings 
was taken up with educational activities. The Advisory Committee 
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on Metallurgical Education, under the chairmanship of Dr. R. F. 
Mehl, is continuing its studies of metallurgical training and educa- 
tional requirements. This is necessarily a long-time effort, but prog- 
ress is definitely being made. Another educational activity is the 
production of the “Techbooks”. This project is under way with 
some 22 manuscripts in process and it is hoped that these will be 
most useful to a large section of the membership and to nonmembers 
in the metal industry. It might be stated here that this is a difficult 
task because it is generally true that a technical expert has con- 
siderable difficulty in preparing a technical subject in a non- 
technical manner. 

The new Metats HANnpsook has been delayed in publication 
due to shortages of paper and to the tremendous demands on the 
printing industry. However, it is expected that the HANpBooK will 
appear in the spring of 1947. In this connection it is my privilege to 
pay high tribute to Dr. Taylor Lyman of the home office, to G. V. 
Luerssen, Chairman of the Handbook Committee, and to some 2500 
members of the Society who have actively and unselfishly given of 
their time during the past year in the revision of old articles and in 
the preparation of new material. I can safely predict that the new 
HANDBOOK will be one of the finest reference books available in the 
field of metallurgy. 

METAL PROGRESS continues as an outstanding publication in the 
metallurgical field, and THe MetArs ReEvIeEw is increasing in popu- 
larity and usefulness each month. A new format for the latter will be 
presented soon as the result of a poll of the members. 

Again in connection with education, I am pleased to report that 
Major Graves Taylor, after an absence of 4 years in the armed serv- 
ices, has returned to resume his position as Public Relations Director 
for the Society. The Board of Trustees feels that the matter of 
public relations is of vital importance to the Society’s place in the 
metallurgical world. 

You will very shortly hear the Treasurer’s report, and I will only 
state here that the Society is on solid ground with respect to its 
finances. 

The 1945 convention was held in Cleveland in February 1946, 
the postponement being due to wartime curtailment of facilities. A 
splendid technical program and an equally splendid metals show were 
heard and seen by thousands of members of the Society. At the 
annual dinner, the following 1945 awards were made: 
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The President’s Medal was awarded to Dr. Marcus A. Gross- 
mann. The Henry Marion Howe Medal was awarded to Dara P. 
Antia, Stewart G. Fletcher and Morris Cohen for their paper en- 
titled “Structural Changes During the Tempering of High Carbon 
Steels”. The Campbell Memorial Lecture was presented by Dr. Max- 
well Gensamer on the subject “Strength and Ductility”. The 
Sauveur Achievement Award was presented to Robert S. Archer for 
his contributions to the development of aluminum alloys. The Gold 
Medal of the American Society for Metals was presented to Dr. 
Earle C. Smith in recognition of his outstanding achievements in the 
field of steel production and processing. The American Society for 
Metals Medal for the Advancement of Research was awarded to 
Mr. Gerard Swope, retired President and Director of the General 
Electric Company, for his consistent sponsorship and influence in 
financing and prosecuting metallurgical research. 

The 1946 Metal Congress is now upon us. There is no need to 
give statistics on this week’s activities as all of you present can see 
for yourselves what a successful week this is. I believe that this 
week’s technical program is one of the finest we have ever had, 
and we are highly honored by the active co-operation of the American 
Institute of Mining and Metallurgical Engineers, the American Weld- 
ing Society, and the American Industrial Radium and X-ray Society. 
The co-operative efforts among such societies as are represented here 
made the National Metal Congress a tremendous success, and the 
presence of distinguished guests from across the water add an in- 
ternational flavor to our proceedings. 

In March 1947, the Western Metals Congress will be resumed, 
this time at Oakland, California. This again gives promise of being 
an oustanding event on the West Coast, and it is particularly to be 
noted that the eastern and mid-western states are usually confronted 
with extraordinarily inclement weather at that time. The National 
Metal Congress for next year will be held in Chicago the week of 
October 20, 1947. 

Finally, I should repeat what each preceding President has stated, 
namely, that a great part of the success of the Society and of the 
Metal Congress is due to the untiring activity of our Secretary—W. 
H. Eisenman, and his able staff. As the years go by it is more and 
more apparent that the strong central office which the Society main- 
tains, and the loyal and active interest of the local chapters, are the 
fundamentals for our success. 
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TREASURER’S REPORT 
Harotp K. Work, Treasurer 


Your Treasurer takes pleasure in submitting this report covering 
the fiscal year ended August 31, 1946. 

The cash balance on August 31, 1946, was $148,607.73. This 
figure includes advance receipts applicable to the 1946 Convention 
in the amount of $80,115.00. 

Surplus funds were used during the past year to increase the 
investment portfolio in the amount of $258,189.77. Total security 
holdings on August 31, 1946, were $1,106,723.88. 

Total assets increased from $1,155,724.43 to $1,586,315.60. 
Earned surplus increased from $974,289.51 to $1,223,872.60. 

Accounts Receivable at August 31, 1946, amounted to $126,- 
387.70 which includes $87,715.00 applicable to the 1946 Convention, 
covering unpaid space rental billings at that date. The average age 
of all open accounts is considerably less than 30 days. 

General Inventory has increased during the year approximately 
$12,000.00 while cost of paper stocks on hand is approximately 
$2,500.00 greater than at the close of the previous year. 

Office furniture and fixtures has increased $11,000.00 due largely 
to the purchase of new equipment to more satisfactorily handle certain 
mailing and billing problems. 

Improvements in the amount of $1,800.00 were made during 
the year to the headquarters buildings, while depreciation of approx- 
imately $3,300.00 was written off on buildings during the same period. 

Close contact with the investment market is maintained by the 
Finance Committee, the Trustees and other officers of the Society. 
Frequent conferences are held with the ASM fiscal agents, The 
Cleveland Trust Company, to consider investment problems. | 

Additional purchases of securities during the year have added 
$259,000.00 to government holdings, while disposals effected during 
the year have reduced bond holdings $31,000.00, preferred stocks 
$10,000.00 and common stocks $11,000.00. Land Trust Certificates 
amounting to $49,000.00 were also acquired. 

As of August 31, 1946, the total cost of securities (excluding 
Headquarters) was $1,100,947.71 and the market value was approx- 
imately $1,208,751.61. 
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CONDENSED AUDITED BALANCE SHEET 


AMERICAN SOCIETY FOR METALS 
As of August 31, 1946 


ASSETS 

og iS ees g SEMA Ob LO Re Rw Nae s heats keels wo en $ 148,607.73 
ie i at nig Valdes eed ce DUR REGe t &haV Ee es Seas 4w ek Ceramene 1,106,723.88 
TIN boa, og ba ann bn iele ern. 6 Sine aI A Om wad are RO TEeon oases 126,387.70 
gg or is ana ees cme Res CS Pd eS Re EE hee SERS) bee oats tb tue eee’ 65,441.95 
a a Mee tei Simo Sold Bitar elk Dae ate are ofa aarare cae 7,227.63 
I Pi a al oo isd wi ede Bane + 60 2 od eee ee Ee ee cement aes 70,502.08 
ee ee Sie MRD go oda vc cannes cb cewnh esas eee ewes 35,229.71 
SN IIS os id. bie hb oe e 5 oat ae Wee kee es ed cee eee ew neo ee aknes 26,194.92 
$1,586,315.60 

LIABILITIES, RESERVES, AND SURPLUS 
Pe I ai v4 a pea ed 094 xe Obes ok WEEE 6 oan Dede tebe oes be ree $ 59,613.00 
SEEN 2 BE REE Sa PR ey Pe Pe a fA oA a EO Tee RL EE 135,000.00 
CIE 800 hoe 35. 5 Siac st bi6 nn 0 eee eel @ OS a ie RR ie CAR EN 8 167,830.00 
NN AB ens Oe Sia. k Sinaih ow ACd ng Wes 0d Sg ete ikke ad eee Te aa Ek tae eo 1,223,872.60 
$1,586,315.60 


AUDITED INCOME AND EXPENSE STATEMENT 


AMERICAN SOCIETY FOR METALS 
Year Ended August 31, 1946 


INCOME 
MetTaL Procress—monthly publication ............+.+++-+: $ 454,833.57 
National Metal Exposition—Cleveland, February 1946 ....... 212,627.28 
CIEE, Sia akin cs oh'e Sites pa MOREA Gea 6046 bNE RS ke wee 127,684.62 
THe Metats Review—monthly publication ................ 16,516.70 
a nr POM Cc b6 ands 6 aed oda'6.c0 ees 5c see's ewes 12,180.68 


eS a aialg Peat oy cc atedesd site a wera ee 9,427.35 


I io hans 2h mae adn d ae sha ASCE ER OS BabA 3.80 $ 833,274.50 
Books published (includes sales of THe Review or METAL 
LITERATURE amounting to $17,998.80) ......c.ccceccccseecs 78,891.16 
ey I oe os wo aa cece ese vow ee oeebe 32,335.85 
Profit on disposal of securities ...........02- eee cece ee ee eee 8,199.48 
ne pe IE Es sy Onin o's 304% pense acemneeseueay = 5,885.64 
ED eo hae CE yh ete ne 244 wh © sO SS RAS eR 4,813.95 
I ee a ee Es ad Sal mp ae aS we oe ee 2,337.41 
ee ED DO SOONNE oie cds wie os 6 teh eteen wes ceens ay 387.48 
Do ace cb debe ont roa na oe s's ktigeeedes cake ones $ 966,125.47 
EXPENSES 
MetTAL ProGress—monthly publication ....... $ 323,365.19 
National Metal Exposition—Cleveland, Febru- 
i oe 2a sak dio sls. oman oles See elk’ 110,358.97 
EE EP ey ee ee 59,109.74 
Tue Mertats Review—monthly publication ... 47,002.99 
ND eo ateale gales ant hewn bcd a ender > 33,068.17 
I Bi shan 4 wie nik pied o he wba aw es 25,462.96 
Aime BERTALS TIANDBOOK «i... 2.6600 cecccee 25,027.44 
i ries os Mates a a 6% dws oer ein wees 24,428.13 
Se ss «hele Gian y Cha ewes 17,948.83 
I, a srs 0, Zuid! os! nlih ea erekeatnwows ka 16,853.77 
SURGE GNTTONE coo 5 aks ces ccceseees 10,579.95 
en Sa dds bad eR bate dy bee * eo 3,012.10 
Ea ine so 6s wine ha 6 okt es (6 Chk oe 2,761.05 
ead eerie bb alene 2,703.83 4 
re oid a cate oaibare' 6 ak awe 4a eanets 1,442.76 
I ae Sid erin a ar cath ae die ja 705.92 $ 703,831.80 
Library salaries, supplies, etc. ..............-: 6,077.90 
CeemsOre)  SOREINED BU TRE 6 ic ok osc deer ccctncce 4,646.56 
Miscellaneous merchandise, etc. ...........+02: 872.03 
BARES. RSE Oy eee 525.00 
oa sada nec’ Casimely es 413.59 
EY EE, Wins eed v's os 0068s a bas beece 175.50 
Es. SEE ck vuva ct ahsssedatuteccasdpeetaedoteneawos $ 716,542.38 


Mocoess Of Taceme ver EXpemee oo onc cc cccsccccnceccecccsces $ 249,583.09 
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The investment portfolio now shows: 





Real Estate (Headquarters) ............... $ 70,500.00 6.0% 
U. S. Government Bonds .................- 719,710.00 61.3% 
Canadian Government Bonds ............... 10,000.00 0.9% 
ee en ds bed ae v6 eee 13,370.00 1.4% 
Re. oe. cae awbigeswedsdaees 18,550.00 1.5% 
CI I so vines okies SER dT aces sme ote 270,720.00 23.1% 
I oss alin da p'd'sgnc wees axe 19,550.00 1.6% 
Ee SNE GN ok i cb oaa Se des oes 49,050.00 4.2% 

$1,171,450.00 100.0% 


The net quick assets at August 31, 1946, amounted to approx- 
imately $1,161,500.00 which figure is 1.6 times the total operating 
cost of the Society and the National Metal ree during the 
year ended on that date. 

The statement of income and expense for the past year is as 
follows in total: 


PAs cuk eek cnuuah ei atieba ia $ 966,125.47 
SE 6 dw cio oa b65 Cons Kewbs o% 716,542.38 
Excess of Income over Expense $ 249,583.09 


Net sales of the Metats HANpBOOK amounted to $12,180.68. 
The sale of other technical books published amounted to approximately 
$61,000.00. 

Gross income from membership amounted to $213,900.00 which 
is approximately 0.1% less than the preceding year. Of this amount 
$87,340.00 was returned to the chapters. 

In addition to the assets of the national office, the chapters re- 
ported, at the end of the 1945-46 fiscal year, total assets of approx- 
imately $178,230.00 which is an increase over the previous year of 


$15,248.00. 


ANNUAL REPORT OF THE SECRETARY 
WictiAm H. EIsENMAN, Secretary 


The American Society for Metals on November 1, 1946, had a 
total membership of 20,134. Of this number 18,285 or 91% were the 
member classification; 1396 or 7% were sustaining members; while 
425 or 2.1% were juniors. There are 28 honorary and founder 
members. 

On November 1, 1945, the Society had a total membership of 
19,912. The membership this year showed a gain of 1%. 
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TRANSACTIONS 


Since the last National Metal Congress, Vols. 36 and 37 of the 
TRANSACTIONS were published and distributed to the membership on 
request in July 1946. These two volumes total 1156 pages and con- 
stitute 35 articles with their discussions. 

Vols. 36 and 37 contain all of the papers presented at the Feb- 
ruary 1946 Convention held in Cleveland and their discussion together 
with other interim papers received during the year. The president, 
secretary and treasurer’s report for 1944 and other current items of 
record were included in Vol. 36, together with a report of the 
Convention. 


+. 


METAL PROGRESS 


Records for Mretat Procress during the fiscal year of 1946 
reflect a healthy condition. 

The tabulation below shows that the revenue advertising pages 
(2024) all but reached the record set during the preceding year. Net 
paid circulation (Audit Bureau of Circulation figures) has remained 
about stationary for two years, although it is noteworthy that the 
paid subscriptions for extra copies or for copies to nonmembers has 
increased from a relatively constant prewar figure of 500 to almost 
exactly three times that figure. 


Fiscal Editorial Revenue Net Paid 
Year Pages Advertising Circulation* 
1941 645 1078 13,018 
1942 699 1276 15,412 
1943 688 1595 16,363 
1944 648 1937 18,774 
1945 674 2045 20,410 
1946 832 2024 20,708 


This tabulation shows that an unprecedented number of reading 
pages has been published this year. This is due to a record-breaking 
Annual Reference Issue for October, last, and to several unusually 
long and comprehensive articles about matters of interest to ASM 
members. These have included a condensation of the Smyth Report 
on the Atomic Bomb, verbatim reports of the important round table 
discussions held at the last convention on Nucleonics and Atomic 
Power and on Superalloys for high temperature services, a review of 
the wartime investigations of the high chromium alloys for synthetic 


*Audit Bureau of Circulation figure for June. Print order is about 15% larger. 
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rubber plants, and the notable discussion of Science and Life in the 
World at the celebration of the George Westinghouse centennial. 

A very large number of Society members make up the list of prin- 
cipal contributors to METAL Progress, and the thanks of the Board 
of Trustees are gratefully tendered to them. 

It is also my pleasant duty to record that, as a result of a little 
advertising campaign starting last November in METAL PRoGREss and 
Tue Metats Review, American sponsors were found for no less 
than 593 French metallurgists, doctors, teachers and professional men 
(or their war-widows), each sponsor promising to send food boxes 
to his protégé at monthly intervals. Names of worthy French families 
were secured through the American Friends Service Committee in 
France, French engineering societies, and the personnel departments 
of important French metallurgical firms. A large number of grate- 
ful letters have been received; their common tenor is gratitude and 
surprise that totally unknown friends have helped them through a 
difficult period. 


METALS REVIEW 


Tue Metrats Review during the past year has continued to 
fulfill its three-fold function of providing news of ASM chapter and 
national activities, brief annotations of all published literature in the 
metals field in the “Review of Current Metal Literature”, and descrip- 
tions of new products and processes. 

During the months from October 1945 through September 1946, 
251 reports were published of meetings held by the 70 chapters of the 
Society—a tribute to the willing efforts of the chapter publicity 
chairmen and the reporters. 

During the same period 5500 magazine articles and books 
were annotated in the Review of Current Metal Literature. In the 
spring of 1946 Volume II for 1945 of the collected installments of the 
Metal Literature Review was published and found a wide sale among 
members of the Society who wished to retain this feature in a more 
permanent and well-indexed form. 

The regular issues of THE METALS Review carried either 20 or 
24 pages, with one special issue in January of 32 pages devoted to 
the National Metal Congress and Exposition. Space in the 12 issues 
from October 1945 through September 1946 was allocated as follows: 


Reports of chapter and national ASM activities and other news items....31.8% 
SeeVIOW Ol Cmrret MAGEE LTT MIe oo iis con crc wdccectccocccccsdcicn 41.5% 
New Products and Catalogs 
Advertising 
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METALS HANDBOOK 


The manuscript for the new Metrats HANDBOOK is in the hands 
of the editor, and at the present time is occupying the efforts of a staff 
of eight people in final preparation of the manuscript for the printer. 

Some 1200 pages have already been forwarded to the printer to 
set in type, and the balance of the material is being forwarded as soon 
as it is ready. 

It is contemplated that the Mretats HANpDBooK will be on the 
press about February 1, and the 45,000 copies required will be com- 
pleted and ready for distribution within a period of ninety days. 

Every article in the Metats HANpDBOOK has been revised and 
brought up to date; many new articles have been added; and alto- 
gether the book will undoubtedly continue as “the bible of the metal 
industry”. 

The members of the Metats HANpBooK Committee are: 


G. V. Luerssen, Chairman H. S. Rawdon 

Earnshaw Cook N. E. Woldman 

A. J. Herzig Lyall Zickrick, AIME Rep. 

J. B. Johnson H. L. Maxwell, AWS Rep. 

J.J. Kanter C. W. Obert, IAA Rep. 

C. H. Lorig . J. H. Romann, ASME Rep. 

H. W. McQuaid Taylor Lyman, Secretary 
Books 


During the past fiscal year, a total of 17,398 books published by 
the Society were sold to members and others. This figure includes 
890 ASM Metats HANDBOOKs. 

During this period eight new titles were added to our publica- 
tion list. These are: 


ASM Review of Metal Literature—Vol. 1 
ASM Review of Metal Literature—Vol. 2 
Cold Working of Brass 

Corrosion of Metals 

Heat Treatment of Metals 

Induction Heating 

Magnesium 

Talks About Steel Making 


Many of the previous titles were reprinted. 
Numerous new titles are now in the process of production and 
will be made available during the ensuing year. 
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Publications Committee 


The Publications Committee for the year 1945-46 was made up 
of the following personnel: R. M. Brick, Chairman; R. H. Aborn, 
R. E. Cramer, H. I. Dixon, A. L. Feild, R. P. Koehring, H. B. 
Osborn, Jr., R. W. Roush, E. S. Rowland, A. O. Schaefer, G. A. 
Sellers, Gordon Sproule, R. L. Templin, H. S. VanVleet, B. B. Wes- 
cott, and Ray T. Bayless, Secretary. 

During the year and up to the present time the Committee has 
reviewed and approved 67 papers, 2 are now in the process of review, 
and rejected 7. Two manuscripts were withdrawn by the authors 
during their review. 

The Publications Committee held one formal meeting on August 
2, 1946, at which time the final arrangements for the technical pro- 
gram at this Convention were made. Sixty-four papers were approved 
and scheduled for presentation. Only 29 of the papers to be presented 
were prepared in preprint form due to paper shortage, printers man- 
power shortage and time limitations. The Committee recommended 
that the balance of the papers be prepared in photostat form to be 
sent to selected persons for the purpose of obtaining written dis- 
cussion from them. It was recommended that 5 copies be prepared 
of each of these papers. 


Preprints 


Of the 64 papers being presented at this Convention, 29 were 
prepared in preprint form and distributed to those members of the 
Society who had requested them. The total number of pages for the 
1946 preprints is 806. A total of 34,000 preprint copies were dis- 
tributed free to the membership to date. 


Educational Committee 


The Educational Committee for the year 1946 was composed of 
the following personnel: J. O. Lord, Chairman; C. R. Austin, G. R. 
Fitterer, W. D. McMillan, H. B. Pulsifer, C. H. Shapiro, C. G. 
Stephens, R. D. Stout, and Ray T. Bayless, Secretary. 

The Committee held one meeting on March 1, 1946, at National 
Headquarters. The main purpose of this meeting was the planning 
and selecting of subjects and authors for the educational lecture series 
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that are being presented at this Convention. The titles of the lec- 
tures are: 


Three Lectures on “Structure of Cast Iron”’—By Alfred Boyles, U. S. Pipe & 
Foundry Co. 


Five Lectures on “Sleeve Bearing Metals’”— 


la. 


b. 


Fundamental Considerations Concerning the Behavior of Bearings—By 
R. W. Dayton, Battelle Memorial Institute. 

Somé General Comments on Bearings—By Carl E. Swartz, Johns 
Hopkins University. 


c. Cast Bronze Bushings—By Leighton M. Long, Toledo, Ohio. 
d. 


Porous Metal Bushings—By A. J. Langhammer, Chrysler Corp., 
Amplex Division. 


. Newer Bearing Materials—By I. C. Sleight, Menasco Mfg. Co. and 


Wayne Sink, P. R. Mallory and Co. 

Electroplated Bearings—By Ralph A. Schaefer, Cleveland Graphite 
Bronze Co. 

Aluminum Alloy Bearings—By H. Y. Hunsicker, Aluminum Company 
of America. 


. Mechanical Features of Steel-Backed Bearings—By E. Crankshaw and 


J. Menrath, Cleveland Graphite Bronze Co. 

Morainé Durex-100 Engine Bearings—By J. A. Lignian, Moraine 
Products Div., General Motors Corp. 

Bronze-Backed Bearings—By Bernard J. Esarey, National Bearing 
Division, American Brake Shoe Co. 

Preparing Cast Iron Surfaces for Bonding—By J. H. Shoemaker, 
Kolene Corp. 


. Selection of Bearing Materials—By Arthur F. Underwood, General 


Motors Research Laboratories. 

Selection of Bearing Materials in the Electrical Industry—By D. F. 
Wilcock, Thomson Laboratory, General Electric Co. 

Railroad Journal Bearings—By E. S. Pearce, Railway Service and 
Supply Corp. 


. Aircraft Enginé Bearings—By J. Palsulich and R. W. Blair, Wright 


Aeronautical Corp. 
British Thought and Practice: How They Differ from American—By 
W. H. Tait, Glacier Metals Co., Ltd. 


Five Lectures on “Electronic Inspection”— 


1. 


2a. 
b. 
3a. 
b. 


4. 
5. 


Electronic Methods for the Measurement of Stress in Metals—By 
Henry F. Hamburg, Chance Vought Aircraft Div. 

Spectrochemical Analysis of Metals and Alloys by Direct Intensity 
Measurement Methods—By J. L. Saunderson, Dow Chemical Co. 

Uses of the DuMont Cyclograph for Testing of Metals—By R. S. 
Segsworth, General Engineering Co., Ltd. 

Supersonic Inspection of Metals—By E. O. Dixon, Ladish Drop 
Forge Co. 

Determination of Seams m Steels by Magnetic Analysis Equipment— 
By Charles M. Lichy, Jones & Laughlin Steel Corp. 

The Electron Microscope and Its Application to Metals—By C. S. 
Barrett, University of Chicago. 

Electronics in Liquid Steel—By Harold T. Clark, Jones & Laughlin 
Steel Corp. 


Five Lectures on “Physical Metallurgy of Aluminum’— 


1. 
2 


Constitution of Aluminum Alloys—By W. L. Fink, Aluminum Com- 
pany of America. 

Metallography of Aluminum Alloys—By F. Keller, Aluminum Company 
of America. 
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3. Commercial Cast Aluminum Alloys—By W. E. Sicha, Aluminum Com- 
pany of America. 
4. Commercial Wrought Aluminum Alloys—By J. A. Nock, Jr., Aluminum 
Company of America. 
5. Thermal Treatments of Aluminum Alloys—By E. H. Dix, Jr., Alu- 
minum Company of America. 
The above four lectures will be prepared in book form and will 


be made available to members at an early date after the Convention. 
Awards 


At the annual dinner of the ASM on February 7, 1946, in Cleve- 
land, the following awards were made: 

President's Medal to Marcus A. Grossmann, twenty-fourth pres- 
ident, who served the ASM in 1944. 

Henry Marion Howe Medal for 1945 was awarded to Dara P. 
Antia, Stewart G. Fletcher and Morris Cohen for their paper, “Struc- 
tural Changes During the Tempering of High Carbon Steel,’ pub- 
lished in Vol. 32 of TRANSAcTIONS, 1944. 

Albert Sauveur Achievement Award for 1945 was given to Robert 
S. Archer for his contribution to the metal industry in the art of 
fabricating, compounding, and heat treating of aluminum alloys. 

ASM Medal for the Advancement of Research for 1945 was 
awarded to Gerard Swope, retired president and director of the 
General Electric Co., in recognition of his consistent sponsorship, 
foresight, and influence in financing and prosecuting metallurgical 
research, which have helped substantially to advance the arts and 
sciences relating to metals. 

ASM Gold Medal for 1945 was awarded to Earle C. Smith, chief 
metallurgist of Republic Steel Corp., Cleveland, for outstanding metal- 
lurgical knowledge and great versatility in the application of science 
to the metal industry, as well as exceptional ability in the diagnosis 
and solution of diversified metallurgical problems. 

Campbell Lecture was presented by Dr. Maxwell Gensamer on 
the subject of “Strength and Ductility”. 


1946 (NovEMBER) NATIONAL METAL CONGRESS AND EXPOSITION 


The 1946 National Metal Congress and Exposition now in session 
have demonstrated to all that they are unqualifiedly successful. 

The large number of papers made available for presentation here 
due to the release of much of the research carried on during the war 
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under the Government auspices, together with the educational lecture 
series, have all combined to make the Congress decidedly educational. 

The large number of firms participating in the exposition is 
indicative of the fact that this event maintains its high rating as a 
profitable activity in which to participate. 


ELECTION OF OFFICERS 


PRESIDENT HeErty, presiding: Complying with the constitution, 
I appointed on March 26, 1946, the following Nominating Committee, 
selected from the list of candidates suggested by eligible chapters 
prior to March 1, 1946: 


Glenn Coley, Detroit, Chairman 


C. D. d’Amico, Golden Gate O. W. Ellis, Ontario 
Robert S. Lynch, Georgia A. R. Troiano, Notre Dame 
J. E. Drapeau, Jr., Calumet R. C. Pranik, Rhode Island 
D. F. McFarland, Penn State T. G. Digges, Washington 


The committee met in Chicago on May 21, 1946, and made the 
following nominations for national officers : 
For PRESIDENT 


A. L. Boegehold, General Motors Corp., 
Detroit—1 year. 


For Vi1ce-PRESIDENT 
Francis B. Foley, Midvale Co., 
Philadelphia—1 year. 


For TRUSTEES 
John E. Dorn, University of California, 
Berkeley—2 years. 
Arthur E. Focke, Diamond Chain & Mfg. Co., 
Indianapolis—2 years. 

The committee for the nomination of a Secretary for the Society 
was appointed by the President and consisted of the President and 
the six immediate Past Presidents of the Society. The report of this 
committee contained the nomination of W. H. Eisenman for the 
position of secretary of the Society for a term of two years. 

A report of these nominations duly appeared in THE METALS 
REvIEw, June 1946. 

I have been informed by the Secretary that no additional nomina- 
tions were received prior to July 15, 1946, for any of the vacancies 
occurring on the Board of Trustees. Consequently the nominations 
were closed. I now call upon the Secretary to carry out the provisions 
of the Constitution in respect to the election of officers. 
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W. H. E1sEnMAN, Secretary: Conforming with the provisions 
and requirements of the constitution of the American Society for 
Metals, I hereby cast the unanimous vote of the members for the 
election of the aforenamed candidates who were regularly nominated 
May 21, 1946. 

President Herty then introduced the newly elected officers, at 
which time President-Elect Boegehold said a few words of acceptance. 

PRESIDENT HeErty: Has anyone present anything to bring before 
this meeting? If not, a motion to adjourn is in order. Motion duly 
made and carried. 

Dr. Herty then introduced Herbert J. French, chairman of the 
Campbell Memorial Lecture meeting, who introduced the lecturer, 
James B. Austin, director, United States Steel Corporation Research 
Laboratories, Kearny, N. J., who presented his lecture entitled, “The 
Effect of Changes in Condition of Carbides on Some Properties of 
Steel.” 


ASM ANNUAL DINNER 


On Thursday evening, November 21, members and guests 
assembled in the American Room of the Traymore Hotel for the 
Annual Dinner of the Society. The attendance was well over 700. 

Those persons seated at the speakers’ table were: Harold K. 
Work, Manager of Research and Development, Jones & Laughlin 
Steel Corp., Pittsburgh, and Treasurer of ASM; Edgar C. Bain, 
Past-President of ASM and Vice-President in Charge of Metallurgy 
and Research, Carnegie-Illinois Steel Corp., Pittsburgh, and Recipi- 
ent of the Albert Sauveur Achievement Award; Kent R. Van Horn, 
Manager Cleveland Research Division, Aluminum Company of 
America, Cleveland, and Past-President of ASM; A. L. Boegehold, 
Head of Metallurgy Department, General Motors Corp., Research 
Laboratories Division, Detroit, and President of ASM; Charles H. 
Herty, Jr., Assistant to Vice-President, Bethlehem Steel Company, 
Bethlehem, Pa., and Past-President of ASM; Walter S. Tower, 
President of American Iron and Steel Institute and Principal Speaker 
at this annual dinner on the subject “The Layman Looks at Metal- 
lurgists’; A. E. White, Director, Department of Engineering Re- 
search, University of Michigan, Ann Arbor, Mich., and First 
President of ASM; R. E. Zimmerman, Vice-President in Charge of 
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Research and Technology, United States Steel Corporation of Dela- 
ware, Pittsburgh, and Recipient of the Medal for the Advancement of 
Research; Thomas L. Kane, Publisher of Jron Age; F. B. Foley, 
Director of Research, The Midvale Co., Nicetown, Philadelphia, and 
Vice-President of ASM; A. B. Kinzel, Chief Metallurgist, Union 
Carbide and Carbon Research Labs., Inc., New York; J. B. Austin, 
Director of United States Steel Corp. Research Laboratories, 
Kearny, N. J., and Campbell Lecturer; Axel Hultgren, Professor of 
Metallography, K. Tekniska Hogskolan, Stockholm, Sweden; John 
Chipman, Professor of Metallurgy, Massachusetts Institute of Tech- 
nology, Cambridge, Mass., and Trustee of ASM; Walter E. Jominy, 
Chief Metallurgist, Chrysler Corp., Detroit, and Trustee of ASM; 
C. R. Austin, Assistant to President, Meehanite Metal Corp., New 
Rochelle, N. Y., and Recipient of Howe Medal; M. C. Fetzer, Metal- 
lurgical Department, Carpenter Steel Co., Reading, Pa., and Recipi- 
ent of Howe Medal; L. S. Bergen, President, Bergen Precision 
Castings Co., Pleasantville, N. J., and Past-Trustee of ASM; A. E. 
Focke, Metallurgist, Diamond Chain and Manufacturing Co., Indian- 
apolis, and Trustee of ASM; John E. Dorn, Associate Professor, 
University of California, Berkeley, and Trustee of ASM; W. H. 
Eisenman, Secretary, ASM, and Founder Member. 


Presentation of President’s Medal 


The annual presentation of the President’s Medal was made by 
Charles H. Herty, Jr., to Kent R. Van Horn, the twenty-fifth presi- 
dent, who served the Society so ably in 1945. 


Presentation of Howe Medal 


In honor of Dr. Henry Marion Howe, the distinguished scientist, 
often called the dean of American metallurgists, the Board of Trustees 
in 1922 established the first of its medals. The rules governing the 
award of this medal make the provision that it be awarded to the 
author or authors of the paper judged of highest merit, presented 
before the ASM and published during any one year in the TRANs- 
ACTIONS of the Society. 

The 1946 medal was awarded to the two authors of the paper 
entitled “Factors Controlling Graphitization of Carbon Steels at Sub- 
critical Temperatures” which was published in Vol. 35 of Trans- 
ACTIONS, 1945, page 485. The authors who were honored are Charles 
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R. Austin and M. C. Fetzer. Each of these authors was presented 
a certificate, a gold medal and a bronze replica. 


Albert Sauveur Achievement Award 


In 1934 the Board of Trustees established an award consisting 
of a metal plaque and certificate in honor of Dr. Albert Sauveur, 
distinguished metallurgist and for many years an honorary member 
of the ASM. The purpose of this award is to recognize a metallurgical 
achievement which has stood the test of time and stimulated others 
along similar lines to the extent that a marked basic advance has been 
made in the metal arts and sciences. The 1946 candidate was Edgar 
C. Bain, vice-president in charge of metallurgy and research, Carnegie- 
Illinois Steel Corp., who was presented by Dr. Kent R. Van Horn 
following the reading of the citation of Dr. Bain’s accomplishments. 
Dr. Van Horn then made the award. The citation is as follows: 


Citation for Sauveur Award, 1946 


Dr. E. C. Bain, among his many contributions to metallurgical 
science, conceived a new approach to the heat treatment of steel. 
Prior to this work, relatively little was known about the mechanism 
of the hardening of steel. True, people had known from earliest 
times that steel, having been heated to an elevated temperature, would 
become soft if cooled slowly and would be hard if cooled rapidly. 
When the microscope was applied to steel, it was learned that the 
soft material was characterized by a microscopic structure called 
pearlite, while the structure of the hard material was called marten- 
site. But as to how and precisely when these structures formed, very 
little was known. 

Bain conceived the idea that the mechanism of heat treatment 
might become known if each step in the cooling were investigated, 
examining the product formed at each temperature level during the 
cooling. This concept was not so simple as it might seem, for it in- 
volved the realization that the reaction below the eutectoid tempera- 
ture was quite slow, whereas at some lower temperature it was 
probably rapid, and that consequently it might be profitable to study 
the times required for transformation. 

The result of this concept and of the attendant research was the 
isothermal transformation diagram, which at one stroke placed the 
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science of heat treatment on a solid foundation. The basic work was 
performed with a simple eutectoid steel, and the significance of this 
single case became so apparent that a wide variety of steels was soon 
investigated by many workers. Indeed a recent compilation shows 
that transformation diagrams, or S-curves as they are colloquially 
known, have now been determined by various investigators for about 
200 different types of steel and individual steels within each type. 
Probably all types of commercial heat treating steels are now under- 
stood as to their transformation characteristics, for S-curves are 
known for steels which range from the rapidly transforming plain 
carbon steels, through the automotive alloy steels which transform 
somewhat more slowly, to the very slowly transforming steels such 
as stainless steels, alloy forging-die steels and high speed steel. 

The new type of attack also brought to light a new type of struc- 
ture. Pearlite was shown to form in an upper range of temperature, 
while martensite formed in a lower range of temperature, and be- 
tween the two is a range of temperature in which a hitherto unknown 
structure was discovered. The new structure is associated with valu- 
able mechanical properties in the steel. Bain’s associates in the work 
proposed that the structure be named bainite, in honor of its dis- 
coverer, and the term was at once accepted by the metallurgical fra- 
ternity and is now an established term in the literature of the subject. 

A loyal associate in this work was Edmund S. Davenport. Join- 
ing in the project not long after its inception, he carried much of the 
burden enthusiastically and competently. Recognition for his con- 
tribution to the work has come to him and is attested by the associa- 
tion of his name with the basic work. It is appropriate to record his 
generosity in furnishing data for this award to Bain. 

In the science of heat treatment, the impact of Bain’s work is 
found not only in the newer theories but also in industrial applica- 
tions. As to theory, any discussion of principles begins with a 
description of the isothermal transformation diagram. In practical 
application, industrial processes are now guided by these principles, 
to an extent which is ever increasing. 


Conferring of the ASM Medal for the Advancement of Research 


The 1946 ASM Medal for the Advancement of Research was 
awarded to Rufus E. Zimmerman, vice-president in charge of re- 
search and technology of the United States Steel Corp. of Delaware, 
in recognition of his consistent sponsorship, foresight, and influence 
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in financing and prosecuting metallurgical research, which have 
helped substantially to advance the arts and sciences relating to metals. 

In making the presentation, Dr. A. E. White read the following 
citation that appears on the certificate of award: 

Dr. Rufus E. Zimmerman entered industry primarily by way 
of a better preparation for a contemplated life-work in teaching and 
research; he remained, however, to pioneer the ways of science in 
industry. 

From research associate in the former American Sheet and Tin 
Plate Laboratory, he rose through successive responsibilities to the 
position of Vice President, United States Steel Corporation, in 1933. 
Here he found the fullest scope for his talents of leadership, since, 
as staff officer, he acts to co-ordinate the research of a wide variety of 
the Corporation’s enterprises in addition to iron and steel technology. 
In this domain is, particularly, the Corporation’s Research Labora- 
tory at Kearny, N. J., the work of which has become famous 
throughout the world. 

Dr. Zimmerman has ever practiced the best principles of mod- 
ern organization, with maximum delegation of authority, opportunity 
for initiative, and recognition of achievement. His publication 
policy, reflecting perhaps the good teacher, encourages the sharing of 
knowledge provided the reporting is in clear, concise language. In- 
evitably, he responded ably as consultant to the Services during the 
war and contributed his wise counsel in such capacities as President, 
American Standards Association; member, National Engineers Com- 
mittee ; member, Policy Committee on Standardization, Department 
of Commerce; and as a member of the boards of colleges and uni- 
versities. 

Dr. Zimmerman outstandingly has created the environment in 
which effective and fruitful research flourishes. 


Address of the Evening 
Walter S. Tower, president of the American Iron and Steel 


Institute, presented the main address of the evening entitled “The 
Layman Looks at Metallurgists.” 











THE EFFECT OF CHANGES IN CONDITION OF CARBIDES 
ON SOME PROPERTIES OF STEEL 


(1946 Edward DeMille Campbell Memorial Lecture) 


By J. B. Austin 


F those previously honored as Edward DeMille Campbell 

Memorial Lecturers, some, who had the good fortune to know 
Professor Campbell well, were able to enrich their lectures with 
references to personal associations. I was not so favored, yet I was 
privileged to have an indirect acquaintance with him through my 
father-in-law, James A. Evans, who, as a student at the University of 
Michigan, spent many hours reading to him. It was from this source 
that I learned much of those admirable qualities which won for 
Professor Campbell the esteem and respect we commemorate today. 
It was also thus that I first heard of his unfailing interest in the 
nature and constitution of carbides in steel. As I, too, have long been 
interested in this subject, it seems fitting to discuss today the consti- 
tution of carbides and how it may influence the properties of steel. 
And in keeping with the spirit of the occasion I have selected as the 
title of this lecture a slight modification of the title of two papers 
published by Professor Campbell in 1924. 

Throughout most of his scientific career the constitution of 
cementite was a matter of speculation and debate. It was recognized 
that this material is a carbide of iron but there was no agreement as 
to its precise composition. A number of different formulas were 
proposed but no definite choice among them could be made on the 
basis of methods of investigation then used. The weight of evidence 
seemed to support the conclusion that cementite is Fe,C, but a com- 
pound of this type presented many difficulties to one trained in 
traditional concepts of valency. That Campbell was dissatisfied is 
indicated not only by the direction of his investigations but also by 
such specific statements as: 

“ . it is impossible for a chemist to account for all the 

products of solution of the carbides of iron if so simple a 


formula as Fe,C is employed... ”. 


This is the twenty-first Edward DeMille Campbell Memorial Lecture 
presented by Dr. James B. Austin, Director, United States Steel Corp., Research 
Laboratories, Kearny, N. J. The lecture was presented November 20, 1946, 
during the Twenty-eighth Annual Convention of the Society, held in Atlantic 
City. 
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We now know that the cause of this uncertainty lay less in the 
experimental observations than in the narrowness of prevailing con- 
cepts of valence which, being based chiefly on the composition of simple 
anhydrous salts and on the structure of simple saturated organic 
compounds, failed to provide for the existence of less definite types 
of compound. In this connection, one cannot but wonder what the 
course of chemistry might have been had it developed from a study of 
intermetallic compounds or of carbides and nitrides. 

The development of new methods of investigation, such as X-ray 
diffraction, yielded further evidence that cementite is Fe,C so that 
this formula is now generally accepted; indeed, one might say, too 
generally accepted. For this acceptance has carried with it the tacit 
assumption that iron carbide conforms to the classic laws of compound 
formation, in particular that composition is invariant and that the 
ratio of iron atoms to carbon atoms is always a small whole number. 
As this assumption, like the concepts of valency, derives chiefly from 
analogy with the composition of simple salts or organic compounds, it 
appears high time to ask whether it is still justified. 

There is, as it happens, some reason to doubt it. Thus; it is now 
well established that the composition of wistite, that is, ferrous oxide, 
varies measurably, depending upon the conditions under which it 
forms, though there is always an excess of oxygen over that corre- 
sponding to the formula FeO. There is an analogous, though smaller, 
variation in the composition of magnetite. The sulphur content of 
ferrous sulphide (pyrrhotite) likewise varies but always exceeds that 
indicated by the symbol FeS; and many similar cases could be cited. 
These observations, together with the fact that it is always good 
scientific policy periodically to question any assumption which has 
come to be taken for granted, make it proper to ask: Is the composi- 
tion of iron carbide invariant? If it is not, how great is the variation 
and what influence does this possible variation have on the properties 
of steels? 

These are questions to which I have sought an answer. In this 
search I have been greatly aided by R. D. Heidenreich of Bell Tele- 
phone Laboratories and by my colleagues, R. F. Campbell, L. S. 
Darken, and J. R. Vilella, to each of whom I express my appreciation. 
My thanks are likewise due to Dr. John Johnston for his counsel and 
encouragement throughout the preparation of this lecture. I should 
also like to acknowledge my indebtedness to those investigators from 
whose published works I have drawn heavily and at times shame- 
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lessly. My apology for so doing is that though appropriation of the 
work of a single investigator is condemned as plagiarism, taking data 
from twenty is condoned as research. 

The account of this search, and of the conclusions to which it 
leads, begins with a brief review of established principles of the 
structure of chemical compounds to learn what one may reasonably 
expect in the way of possible variation in the composition of cementite. 
There follows a summary of pertinent experimental evidence for the 
existence of such variation, particularly as it may be brought about 
by different heat treatments. The influence of such variation on 
some properties of steels is then illustrated by specific examples. 
Finally, inferences and conclusions drawn from these data serve as 
the basis for speculation as to the significance of certain features of 
the isothermal transformation diagrams of alloy steels. Consideration 
of the effect of variation in the degree or type of dispersion of car- 
bides has, of necessity, been omitted, though in many instances it 
may be more significant than effect of variation in composition. Spec- 
ulation as to the nature of the solid solution of carbon in alloyed fer- 
rite is likewise avoided because it is always dangerous to draw infer- 
ences as to what is in solution from observations of what separates 
out under a given set of conditions. 

The composition of cementite can conceivably vary in either or 
both of two ways: by variation in the ratio of the number of metal 
atoms to the number of carbon atoms, or through replacement of iron 
or carbon by another element. Variation of the first type, which is 
analogous to that observed in ferrous oxide or sulphide, is almost 
certain to be small and, if it does occur, is of interest chiefly from the 
standpoint of chemical principles. Variation of the second type is 
likely to be greater and of greater technologic significance. 

In seeking evidence of such possible variations there are two 
general modes of attack. The first is direct experiment, that is, direct 
chemical analysis of carbides formed under controlled conditions ; the 
second is indirect through study of the structure of carbides to see 
what variation is possible, or even to be expected, on the basis of 
established principles. The first is more definitive but likewise more 
difficult, especially if the variations sought are not precisely defined. 
The second is in part speculative but supplements the first in that it 
indicates the more promising fields for direct observation. It is 
therefore the more logical one with which to begin. 
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Types oF CHEMICAL BonpD 


Before taking up the structure of cementite, it is necessary to 
specify the several kinds of chemical bond as we now conceive them. 
There are three extreme types, electrostatic, covalent, and metallic, 
each of which has well-defined properties, though transition from 
one extreme to another is gradual, giving rise to intermediate 
types of bond which may possess some of the properties of each of 
the extremes. 


The electrostatic bond, also called the ionic or polar bond, is that 


a 





= Nat =Cl- 


Fig. 1—Schematic Illustration of a Typical 
Electrovalent or onic Structure — Sodium 
Chloride. 


resulting from attraction of oppositely charged ions. Atoms of a 
metallic element lose their outer electrons easily, whereas those of a 
nonmetallic element tend to take on additional electrons, thus forming 
stable cations or anions, respectively, which by exchange of electrons 
attract one another to form a stable molecule. A typical example 
(Fig. 1) is sodium chloride in which each sodium atom loses an 
electron to a chlorine atom to form a sodium cation (Na*) and a 
chlorine anion (Cl-) each strongly held by six oppositely charged 
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Fig. 2—Schematic Representation of the Structure of Methane; a, as 
Represented by a Lewis Electronic Formula; b, Arrangement in Space. 


ions which surround it octahedrally. Each ion therefore forms an 
electrostatic bond with its six neighbors of opposite sign, these bonds 
combining all the ions in the crystal into one giant molecule. 

The covalent, or nonpolar, bond results from the sharing of one 
or more pairs of electrons between the bonded atoms. A pair of 
shared electrons is considered to be held jointly by the two atoms 
and to complete a stable electronic configuration for each. A typical 
example is methane (CH,) in which the carbon atom, with an inner 
shell of two electrons and an outer shell of eight shared electrons, 
assumes the stable ten-electron configuration of neon. Such an 
arrangement is represented by the Lewis electronic-type formula 
shown in Fig. 2a. Fig. 2b illustrates the spatial arrangement of the 
methane molecule in which the hydrogen atoms occupy the corners 
of a regular tetrahedron with the carbon atom at the center. I show 
this structure in order to emphasize two features which are significant 
in considering the structure of cementite. First, that the carbon atom 
normally has a valence of four and is therefore, when no so-called 
double bonds are involved, surrounded by and bonded to four neigh- 
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boring atoms; that is, it has a co-ordination number of four. Second, 
that these four bonds are normally arranged tetrahedrally as shown in 
Fig. 2b. Departure from this arrangement requires either serious 
strain within the molecule or resonance between bonds. 

The concept of bond resonance, which is an essential feature of 
the quantum-mechanical picture of molecular structure, is analogous 
to resonance phenomena in classical physics. Recall, if you will, the 
lecture experiment with a system of two tuning forks of the same 
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Fig. 3—Schemaiic Illustration of Resonance in Benzene. A and C represent the 

two stable Kekule configurations between which resonance (B) occurs. 
characteristic frequency attached to a common base. When one fork 
is struck it vibrates strongly at first, then gradually ceases, trans- 
ferring its energy to the other fork which now begins to vibrate; the 
process is then reversed so that the energy resonates back and forth 
between the two forks until it is dissipated by friction and other 
losses. The same phenomenon is observed when two similar pen- 
dulums are connected by a weak spring. 

A somewhat, though not precisely, analogous resonance occurs 
between chemical bonds in that a molecule may resonate among 
several valence-bond structures. Thus there are many substances 
whose properties cannot be accounted for by means of a single elec- 
tronic structure of the valence-bond type, such as that given for 
methane, but which can be fitted into the scheme of classical valence 
theory by assuming resonance among two or more structures. A 
familiar example is the structure of the benzene molecule as repre- 
sented by the two Kekule formulas (A and C in Fig. 3), these being 
the most stable valence-bond structures which can be written for the 
well-established hexagonal coplanar configuration. Yet individually 
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they do not provide a satisfactory representation of the high stability 
and low reactivity of the benzene molecule. This difficulty is resolved, 
however, if one assumes that there is complete resonance between the 
two structures which, in so far as energy is concerned, are equivalent. 
I have attempted to indicate this resonance in rather crude fashion in 
B in Fig. 3. The additional energy associated with the resonance gives 
to the benzene molecule a greater degree of stability than it would 





Fig. 4—Schematic Representation of 
the Arrangement in Space of Iron-Carbon 
Bonds in Cementite. (After Lipson and 
Petch.) 


normally have; indeed, one of the significant features of resonance 
is that it often tends to stabilize an otherwise unstable molecule. 

The metallic bond is not so simple as the other two types because 
the valence electrons are neither transferred to, nor shared with, 
another atom, but, in effect, become detached and mobile. A metal 
may therefore be pictured as an orderly array of positive ions with 
free electrons moving in the interstices. The bonds are therefore not 
fixed in a given direction, as in methane, but resonate among various 
pairs of atoms somewhat as they do in benzene. Such resonance 
implies that maximum stability is associated with maximum co- 
ordination number; that is, an increase in the number of positions 
among which the bonds can resonate increases the resonance energy 
and stabilizes the system. The typical metal structure is therefore 
one or the other of two types of closest-packing of spheres, namely, 
face-centered cubic and hexagonal. with co-ordination number 12, 
or the body-centered arrangement with co-ordination number ap- 
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proaching 14. In intermetallic compounds of atoms differing in 
size, still closer packing with larger co-ordination number is some- 
times achieved. 


STRUCTURE OF CEMENTITE 


With this background, we turn to consideration of the structure 
of cementite. I shall not give details here as the structure is complex ; 
for those interested they are given in a paper by Lipson and 
Petch (1).1 It suffices to say that there is a framework of close- 
packed iron atoms with the smaller carbon atoms in the interstices. 
Each iron atom has eleven or twelve practically equidistant neighbors, 
the interatomic distance being virtually the same as in metallic iron. 
The one element of simplicity is that each carbon atom is located at 
the center of a triangular prism, the corners of which are occupied by 
six practically equidistant neighbors, as shown in Fig. 4. This 
structure differs from that of the methane molecule, in that there are 
six instead of four neighbors so that the bond angles are far from 
tetrahedral. 

The most significant feature of this cementite structure, as 
Petch (2) has pointed out, is that there must be direct bonding of 
iron to iron, for the molecule cannot be held together by iron-carbon 
bonds alone. But what is the nature of this bond between the iron 
atoms? Since it links atoms of the same kind, it is unlikely to be 
electrostatic; moreover, assuming that each atom is bonded to all its 
nearest neighbors, the co-ordination number is too large for normal 
covalent bonding. As there are no such objections to metallic bonding, 
it seems reasonable to conclude that the iron-iron bond is essentially 
metallic. 

For the iron-carbon linkage (Fig. 4), electrostatic bonding again 
appears unlikely. It is difficult to see what ionic valency the atoms 
would adopt ; furthermore, such a bond would require that the separa- 
tion of the iron atoms correspond to the ionic radius of iron whereas 
the observed separation is that for metallic iron. Covalency seems 
improbable because each carbon atom has six virtually equidistant 
neighbors situated at the corners of a prism, whereas, as has been 
noted, the normal covalence of carbon is four with the bonds arranged 
tetrahedrally. 

This suggests that the stability of cementite must be due to 
resonance among these six bonds, an inference which is supported by 





1The figures appearing in parentheses pertain to the references appended to this lecture. 
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the fact that Pauling (3) has concluded that in certain other car- 
bides—notably those of titanium, zirconium, vanadium, columbium, 
and tantalum—in which the carbon atoms also have six nearest 
neighbors, there is resonance of covalent bonds among these six 
positions. Such resonance is a transition of the covalent bond towards 
a metallic bond. As the only alternative appears to be a bond even 
more metallic, it is reasonable to conclude that resonance occurs 
in cementite. 

This interpretation leads to the relatively simple picture of a 
structure comprising essentially a framework of close-packed iron 
atoms held together by metallic bonds, the smaller carbon atoms being 
held in the interstices by a type of bonding which involves resonance 
of covalent linkages and therefore has some attributes of metallic 
bonding. There is thus a considerable resemblance to the structure 
of ferrite and of austenite which suggests that although cementite is 
normally considered a chemical compound, it possesses, in fact, many 
characteristics of a solid solution. Indeed, cementite appears to be 
an excellent illustration of the lack of sharp distinction between a 
solid solution and a compound, though it might be expected to have 
properties which are in the main those of a compound. 

On the basis of this interpretation one would expect that the 
carbon content of cementite might vary. But what sort of variation 
should one anticipate? A closer consideration of the structure supplies 
some clues. A structure bonded entirely by electrostatic or covalent 
linkages must satisfy the valency relations among the several atoms ; 
but in a structure such as cementite with a close-packed framework of 
iron atoms joined by metallic bonding, it is possible that the frame- 
work may exist even if, here and there, carbon atoms are lacking. In 
austenite, for example, the framework of iron atoms can exist even 
when carbon atoms are missing. The fairly constant composition of 
cementite therefore requires some explanation. 

Petch (2) has attempted an explanation along the following lines. 
Cementite, as an interstitial structure, must be considered in relation 
to other carbides or nitrides which have been investigated by 
Hagg (4) with results which indicate that in such structures the 
bonding forces require close packing of the metal atoms and no 
limitation is imposed by nonmetal atoms on their metal neighbors. 
Thus, the stable structure is simply that which achieves close packing 
and the stable composition is that required to build this structure. 
This is in contrast to electrovalent or covalent compounds in which 
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valency determines composition and the structure has then to accom- 
modate to this composition. On this view, a stable structure results 
at the ratio 3Fe to 1C because with this composition close packing 
is possible. As this is not a valency requirement some departure 
from this ratio appears permissible, though great variation is not to 
be expected. 

As replacement of one component by another is not possible, be- 
cause of the great difference in atomic size of iron and carbon, the 
most likely variation appears to be omission of carbon atoms. The 
framework in cementite is, however, not the exact structure adopted 
by iron in the absence of carbon, so that although the framework can 
probably continue to exist when a certain number of carbon atoms are 
missing, it would be expected that this omission can take place to a 
limited extent only. 

Petch (2) has also advanced a thermodynamic argument to show 
that the composition of cementite in equilibrium with ferrite or 
austenite may depart from the stoichiometric ratio; on this basis the 
composition of cementite in equilibrium with the iron solid solution 
in a steel would be expected to vary with temperature. 

The general inferences are, therefore: (a) that minor departure 
from the stoichiometric ratio is to be expected; (b) that it is most 
likely to take the form of deficiency of carbon; (c) that it may vary 
with temperature. 

Let us now turn to experimental observations to see to what 
extent they accord with these conclusions. The experimental data 
are, unfortunately, neither so numerous nor so precise as one might 
wish, yet they suffice to confirm in a general way the predictions 
based upon the structure of cementite. 


VARIATION IN CARBON CONTENT 


At first thought it might appear that the best means of ascertain- 
ing whether cementite does vary in carbon content is by chemical 
analysis of carbides extracted from samples of steel which had been 
subjected to different heat treatments. This is, however, not true, 
and although many analytical data have been published none of the 
methods appears capable of yielding a definitive answer. The chief 
difficulty is that the process of extraction itself usually alters the 
composition of the carbide. For example, the well-known experiments 
of Professor Campbell show that on solution of steel in acid some 
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Fig. 5—Variation With Temperature of the Lattice Parameters of Cementite 
Isolated From 1.8% Carbon Steel Quenched After 6 Hours in Vacuum at Different Tem- 
peratures. (Data of Petch.) 


carbon is evolved as hydrocarbon gases. The same is true, to a 
lesser extent, of electrolytic extraction. Yet all the carbide does not 
decompose in this fashion for the extracted particles are often con- 
taminated by colloidal carbon. Under these conditions it is virtually 
impossible to obtain the precision required to establish the existence 
of a small variation in composition. 

It is therefore necessary to use some method other than chemical 
analysis. Such methods are available, and results obtained by two of 
them are reported in the literature. In each case, they indicate a 
variation in the carbon content of cementite. The first, based upon a 
planimeter measurement of the relative area of carbide and ferrite in a 
photomicrograph of steel of known carbon content, has been used by 
Schwartz and his colleagues (5). It can hardly be considered a 
precision method, and one is justified in questioning the significance 
of the numerical results, yet it does yield qualitative evidence which 
Schwartz, Van Horn and Junge (5) sum up as follows: Cementite 
is not a definite chemical compound because its carbon content tends 
to decrease at temperatures above the eutectoid, this decrease being 
confirmed by a contraction in the dimensions of the unit cell. More- 
over, cementite may possess some degree of stability even though 
some of the carbon atoms required by the stoichiometric formula are 
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missing. These conclusions accord with those derived from con- 
sideration of the structure of the carbide. 

The second method, used in part by Schwartz, Van Horn and 
Junge, is to determine the lattice parameter rather than the chemical 
composition of extracted carbides. It has been refined by Petch (2) 
and is capable of great precision; for in this case the presence of free 
iron or carbon introduces no significant error. The results of Petch’s 
careful parameter measurements on carbides extracted from purified 
iron-carbon alloys, which had been quenched from a series of elevated 
temperatures, are presented in Fig. 5. In order to make the change 
in parameter more evident Fig. 5 shows the difference between the 
three lattice constants of the quenched alloys and those for carbide 
extracted from an alloy which had cooled from 900C (1652 F) to 
room temperature at 20C (38 F) per hour. The estimated error of 
measurement is indicated in Fig. 5 by the pair of horizontal broken 
lines. These data indicate a systematic variation in the parameters 
which is quite beyond the limits of experimental error. Thus, so long 
as cementite is in equilibrium with ferrite the parameters remain 
sensibly constant, but for cementite in equilibrium with austenite there 
appears to be a progressive and systematic variation in the direction 
of a smaller unit cell at higher temperature. 

It seems unlikely that these changes are due to quenching 
stresses. Petch reports that the X-ray patterns were so sharp that 
there could have been little, if any, deformation. Moreover, any 
effect of quenching stress should be greatly lessened by extraction 
from the matrix of iron. Again, the magnitude of any residual stress 
would depend on the orientation of the particle in the original lump. 
After extraction the particles are oriented at random so that each 
line in the X-ray pattern is due to planes which would have been 
subjected to a different degree of stress. If this stress were sufficient 
to cause significant displacement of the diffracted beam, the displace- 
ment would be different for each spot and produce diffuse lines 
whereas the pattern was, in fact, sharp. 

It is also unlikely that these changes result from variation in 
amount of impurity present, since spectrographic examination of 
cementite extracted from steels quenched from 400 and 900C (752 
and 1652 F ) indicated no significant difference. The only impurities 
detected were slight traces of magnesium, silicon, nickel and zinc. 

It must be concluded then that there is a significant variation in 
the carbon content of cementite, which accords with the data reported 
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by Schwartz and his colleagues and with expectation based on the 
molecular structure. 

To sum up, there is ample reason to believe that the carbon con- 
tent of cementite in equilibrium with ferrite is sensibly constant at 
the stoichiometric ratio, whereas that of cementite in equilibrium with 
austenite decreases with increasing temperature. The magnitude of 
this variation cannot be regarded as precisely determined, but must 
be relatively small. 


PossIBLE REPLACEMENT OF CARBON 


If cementite were an electrovalent or covalent compound of the 
classic type, iron or carbon would be replaced only by an element 
with the same valence and then only if the substituent atom were of 
roughly the same size as the atom replaced. But resonance of covalent 
bonds between iron and carbon relaxes the valency limitation as far 
as carbon is concerned, so that the chief requirement for replacement 
of carbon atoms by others appears to be that they should be of nearly 
the same size. On this basis the element most likely to replace carbon 
is nitrogen. 

Although direct demonstration of the presence of nitrogen in 
cementite is lacking, there is reason to believe that substitution or 
solution may occur to a limited extent. For instance, among analogous 
titanium compounds the existence of a cyanonitride as well as of a 
carbide is well established. Furthermore, Heidenreich, Sturkey and 
Woods (6) report that when martensite, formed in a steel containing 
0.9% carbon and 0.0056% nitrogen, is tempered at a temperature 
above about 350 C (662 F), it yields ferrite and cementite, whereas 
when tempered at a lower temperature its electron diffraction pattern 
is identical with that of Fe,N. Subsequent heating to a temperature 
above 350C (662 F) changes this nitride pattern to that of Fe,C, 
which suggests, though it does not prove, that carbon and nitrogen 
may be interchangeable to a significant extent. 

Such replacement is difficult to establish beyond question. It 
seemed possible, however, that further information might be obtained 
by comparing the amount of nitrogen taken up by nitrided high- 
carbon iron with that taken up by purified iron under identical con- 
ditions. As a preliminary comparison, L. S. Darken has determined 
the amount of nitrogen taken up by carbonyl iron and by an iron- 


carbon alloy containing 4.0% carbon in equilibrium at 600 C (1112 F) 
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with mixtures of ammonia and hydrogen containing respectively 3, 
6 and 9 volume per cent ammonia. The iron-carbon alloy was pre- 
pared by melting ingot iron in a graphite crucible and pouring the 
melt onto a copper plate. The chilled iron was then ground into small 


pieces so that equilibration would be rapid. Samples of this alloy, 
and of carbonyl iron sheet, were heated at 600C (1112 F) until 
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Fig. 6a—Nitrogen Content of Carbonyl Iron and 
of a 4.0% Carbon Alloy in Equilibrium With Dif- 
ferent Mixtures of NHz and Hg at 600C (1110 F). 


Fig. 6b—Excess Nitrogen Content Above That 
Required to Saturate Iron at 600 C (1110 F) as a 
Function of the NH; Content of the Atmosphere. 


equilibrium had been attained, which was usually within a few hours, 
then quenched and analyzed for nitrogen, with results presented 
in Fig. 6. 

The data for carbonyl iron are plotted on the left-hand vertical 
axis. If nitrogen neither dissolves in cementite nor displaces carbon, 
the amount present should decrease linearly with increasing propor- 
tion of cementite as indicated by the broken lines in Fig. 6a; that is, 
these lines represent the amount of nitrogen required to saturate iron 
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in iron-carbon alloys in equilibrium with the respective atmospheres. 
The points representing data for the high-carbon alloy, however, in 
each instance lie above the corresponding line indicating that nitrogen 
had been taken up in excess of the amount required to saturate the 
iron. Although there is some uncertainty as to the possible effect of 
the small amount of alloying elements present in the high-carbon iron, 
and although data are available for only one high-carbon alloy, it 
seems likely that this excess represents nitrogen taken up by cementite. 
Moreover, the amount of this excess nitrogen proves to be directly 
proportional to the concentration of ammonia in the atmosphere, as 
is evident from Fig. 6b. This, although hardly proof that nitrogen 
replaces carbon in cementite, does indicate the necessity of considering 
it as a possibility which deserves further investigation.* 


REPLACEMENT OF IRON BY ALLOYING ELEMENTS 


Since the iron framework of the cementite lattice is held together 
by bonds which are essentially metallic, it should be possible to re- 
place iron atoms by those of other elements to form alloy cementites 
analogous to alloyed ferrites and austenites; that is, the conditions 
for replacement of iron in cementite should be those generally valid 
for formation of a substitutional solid solution. Chief among these 
conditions are that the solvent and solute atoms are chemically alike 
and that they differ by not more than 15% in size (7). 

Chemical similarity is hardly a quantitative concept, yet it is the 
basis of several qualitative criteria which are useful for the present 
purposes. Clearly, there is no need to consider metals such as gold 
or silver which lie on the opposite side of the Periodic Table and 
therefore dissolve but sparingly in ferrite or austenite. The number 
of possibilities may be further limited by considering relative tendency 
of elements to form carbides. Iron carbide in a pure iron-carbon 
alloy is a very weak compound; indeed, it is thermodynamically un- 
stable with respect to graphite; hence introduction of an element 
which is a still weaker carbide former—for instance, silicon or 
nickel—under most conditions merely promotes decomposition of 
cementite to graphite and iron, although a stable iron-nickel-cobalt 
carbide (cohenite) has been repeatedly observed in meteorites. On 
the other hand, any of those elements which form relatively stable 
carbides—namely, titanium, vanadium, chromium, manganese, zir- 
conium, columbium, molybdenum, tantalum, tungsten—might be 

*Recent data reported by Jack (30) appear to establish the existence of iron carbonitride. 
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Fig. 7—Schematic Comparison of Atom Diameter of 
Carbide-Forming Elements. 
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Fig. 8—Manganese Content of Carbides Ex- 
tracted From Annealed Manganese Steels as a 
Function of the Manganese Content of the Steel. 


expected to stabilize cementite if it can fit into the structure. 

The relative size of the atom of these elements, expressed in 
terms of the Goldschmidt atom diameter (8), is indicated in Fig. 7; 
a horizontal line is drawn at a level 15% above that of the diameter 
of the iron atom to indicate the upper limit of favorable size. From 
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this comparison it is evident: (a) that manganese and chromium 
should easily be able to replace iron in cementite; (b) that replace- 
ment by vanadium, tungsten or molybdenum should occur less readily 
than replacement by either manganese or chromium; (c) that tita- 
nium, tantalum, columbium or zirconium atoms are too large to replace 
iron. These inferences must be somewhat qualified, however, by the 
fact that a size permitting entry into cementite likewise favors entry 
into ferrite or austenite; and in any given case the free-energy rela- 
tions may be such as to favor the presence of the substituent element 
in one of these phases rather than in the carbide. 

How do these inferences accord with experimental evidence? 
The data are neither so numerous nor so precise as one might wish 
and their interpretation is difficult because of uncertainty as to whether 
equilibrium had or had not been attained because the rate of approach 
to equilibrium had become exceedingly slow. Yet it appears that only 
manganese, chromium, molybdenum, and tungsten replace iron in 
cementite to a significant extent. These elements, moreover, show a 
marked tendency to concentrate in cementite and other carbide phases. 

Pertinent data to support these conclusions are summarized 
below. In order to view this evidence in proper perspective it is 
necessary to broaden the discussion to include carbides other than 
cementite. 

Manganese. Manganese forms an orthorhombic carbide, Mn,C, 
which is isomorphous with Fe,C (9), and apparently forms a con- 
tinuous series of solid solutions with it. The equilibrium relation 
between the manganese content of the steel and that of the carbide is 
not precisely established. The available data (10), presented in 
Fig. 8, indicate that as manganese in the steel increases up to a gross 
concentration of about 5%, manganese in the carbide increases in 
direct proportion, the ratio being about 4 to 1; that is, manganese 
tends to concentrate in the carbide. The data of Arnold and Read, 
which extend to higher concentrations, indicate a constant content of 
about 22% manganese in the carbide over the range 6 to 16% 
manganese in the steel, but their observations are open to criticism 
on the ground that their photomicrographs suggest incomplete trans- 
formation of austenite in this range of composition. There is also 
evidence (10c) that chromium, if present, may enter cementite along 
with manganese. 

Chromium. The behavior of chromium is more complex since in 
the iron-chromium-carbon system there are three stable carbides: 
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Fig. 9—Chromium Content of Carbides Extracted From Chromium 
Steels Containing 1.0% Carbon and Annealed at 1000 C (1830 F) as a 
Function of the Chromium Content of the Steel. 


(a) Orthorhombic cementite (Fe, Cr),C, which may contain up 
to 15% chromium; it appears chiefly in alloys in which the ratio of 
chromium to carbon is relatively low, and predominates in chromium 
steels containing up to about 3% chromium. 

(b) A trigonal carbide (Cr, Fe),C,, which contains a minimum 
of about 35% chromium; it appears in steels containing from about 
3 to 15% chromium. 

(c) A cubic carbide, sometimes designated Cr,C, though prob- 
ably represented more accurately by the formula Cr.,C,. This carbide 
contains a minimum of about 70% chromium and appears in high- 
chromium alloys such as stainless steels. 

Because the composition and range of stability of each of these 
carbides varies with temperature and with gross composition of the 
steel, it is not possible to derive for chromium a simple yet generally 
valid relation analogous to that for manganese. Yet at a given tem- 
perature and at constant carbon content, chromium appears to behave 
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as does manganese in that the chromium content of cementite increases 
linearly with increasing chromium content of the steel. Thus, Fig. 9 
shows that, in a series of steels containing about 1% carbon and up 
to 2% chromium which had been annealed at about 1000 C (1832 F), 
the ratio of chromium in the cementite to that in the metal is about 
5 to 1 (10c), (11); that is, as in the case of manganese, chromium 
tends to concentrate in the carbide. _ 

Analogous data for steels of higher chromium content, reported 
by Houdremont, Koch and Wiester (10c), indicate that both iron 


C about 0.80 % quenched 
and tempered at 1300 F 
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Fig. 10—Molybdenum Content of Carbides Extracted 
From Molybdenum Steels Containing About 0.8% Carbon 
and Annealed at 705C (1300 F) as a Function of the 
Molybdenum Content of the Steel. (Data of Bowman.) 
and manganese are present in these higher carbides of chromium, 
though the interpretation of their data is difficult because of the 
presence of more than one type of carbide. 

Molybdenum. Equilibrium relations in the system iron-molyb- 
denum-carbon are not well established, yet there seems to be no 
question as to the existence of at least the following carbides: 

(a) Orthorhombric cementite (Fe, Mo),C, which predominates 
in steels in which the ratio of molybdenum to carbon is relatively low ; 
it may contain at least as much as 3% molybdenum (12). It should 
be noted that, as one would expect from the greater difference in 
size of the atoms, iron is replaced to a smaller extent by molybdenum 
than by either manganese or chromium. 

(b) A face-centered cubic carbide, sometimes called the double- 
carbide or high-speed carbide, commonly considered to be Fe,Mo,C 
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but probably more accurately represented as (Fe, Mo),C. That the 
composition of this carbide may vary is strongly suggested by vari- 
ation in the lattice parameter reported by Adelskold, Sundelin and 
Westgren (13). By analogy with the behavior of the corresponding 
tungsten carbide, this variation is‘ almost certainly a replacement of 
molybdenum by iron. 

(c) Another face-centered cubic carbide represented by (Fe, 
Mo),.3,C,, analogous to (Fe, Cr),,;C,, has also been observed (14), 
(15) in iron-rich iron-molybdenum-carbon alloys. 

(d) A hexagonal carbide, Mo,C, which appears in the presence 
of a large excess of molybdenum. Although replacement of molyb- 
denum by iron in this carbide has not been established, it must be 
considered as a possibility. 

Although the data are scanty and the range of replacement limited, 
it is evident from Fig. 10 that, as is true of manganese and chromium, 
for a given heat treatment and carbon content the molybdenum con- 
tent of the orthorhombic carbide increases linearly with that in the 
steel, and that molybdenum tends to concentrate in the carbide. It 
should be noted in Fig. 10 that a linear relationship holds even though 
equilibrium had not been established. 

Tungsten. The system iron-tungsten-carbon is qualitatively 
very close to the analogous molybdenum system. Thus, there are at 
least four stable carbides. 

(a) Orthorhombic cementite (FeW),C, which appears in steels 
of relatively low tungsten content; in it tungsten replaces iron to a 
limited extent (16). 

(b) Face-centered cubic double carbide, commonly designated 
Fe,W,C but more properly represented as (FeW),C since it has been 
shown that its composition may vary at least within the limits repre- 
sented by the formulas Fe,W,C and Fe,W,C (17). That is, in it a 
substantial amount of tungsten may be replaced by iron. 

(c) Another face-centered cubic carbide corresponding to the 
formula (Fe, W),,C,, analogous to (Fe, Cr),,C, and (Fe, Mo).,C,; 
it is reported to occur in iron-rich iron-tungsten-carbon alloys (14). 

(d) Hexagonal WC in which limited replacement of tungsten 
by iron appears to occur (18). 

Vanadium. The phase diagram for iron-vanadium-carbon alloys 
(19) indicates the existence of at least two stable carbides: 

(a) Orthorhombic cementite (FeV),C, in which iron may be 
replaced to a negligible extent by vanadium. 
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(b) Face-centered cubic V,C, which appears in steels with a 
vanadium content in excess of about 0.5%. 

There appear to be no precise data on the partition of vanadium 
between matrix and cementite, but as the alloy content of the carbide 
appears at best to be very small, it probably is negligible. 

To sum up, the experimental data, in so far as they go, confirm 
predictions made on the basis of the structure of cementite, more 
specifically that, as equilibrium is approached, iron in cementite is 
replaced extensively by manganese and chromium for which the size 
factor is most favorable; to a more limited extent by molybdenum 
and tungsten, for which the size factor is less favorable ; and finally to 





Table I 
Composition of Carbides Isolated from a Steel Containing 3.3% Cr, 0.44% Mn, and 0.80% C 
after Quenching from 1150 C into Oil and Tempering for 4 Hours 
at a Series of Temperatures 
(After Houdremont, Koch and Wiester) 


Tempering Chromium Manganese Iron Carbon Type of 
emp., C 0 % % 0 Carbide 
450 5.7 0.7 84.0 9.2 (Fe, Cr)sC 
6.2 0.7 82.0 11.2 
550 14.6 1.4 76.4 7.6 (Fe, Cr)sC 
13.7 1.5 77.3 7.5 
650 25.7 2.1 64.1 8.0 (Fe, Cr)3C + 
25.7 2.1 64.4 Me Cr7Cgz 


only negligible extent by vanadium for which the size factor is least 
favorable. Moreover, for a given temperature and carbon content, 
the alloying element in the carbide increases linearly with the gross 
content of the element in the steel, and the partition coefficient is 
such that at equilibrium the alloying element tends to concentrate 
in the carbide. 


VARIATION OF COMPOSITION DURING ANNEALING OR TEMPERING 


Thus far we have discussed the composition of carbides which 
are close to equilibrium with the matrix, but in many heat treating 
processes equilibrium is not approached so what of the composition 
of carbides, particularly of cementite, resulting under these conditions? 

The simplest type of such a process is equilibrating by annealing 
or tempering, at a given temperature, carbides formed at another 
temperature at which they may or may not have been in equilibrium. 
In general, if the temperature of annealing is higher than that of 
formation, the carbides tend to become enriched in alloying elements, 
whereas if it is lower, there is a tendency toward impoverishment. 

As an example of enrichment, Houdremont, Koch and Wiester 
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(10c) observed that in a steel containing 2.2% manganese and 0.14% 
carbon, the cementite isolated after quenching from 1000 C (1832 F) 
and tempering for 10 hours at 400 C (752 F) contained 4.6% man- 
ganese, whereas that isolated after an additional heating at 680 C 
(1256 F) for 50 hours contained about 17% manganese. A com- 
parable enrichment of chromium after analogous heat treatments was 
observed in steel containing 1.3% chromium and 0.36% carbon. 
These same investigators also present data, which are reproduced in 
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Fig. 11—Change in the Relative Amount of Different Carbides 

Present in a 5% Tungsten Alloy on Tempering at 700 C (1290 F). (Data 

of Rutherford.) 
Table I, to show the increase in concentration of chromium in car- 
bides with increasing tempering temperature. Thus, for a steel con- 
taining 3.3% chromium and 0.80% carbon quenched from 1150 C 
(2102 F) and tempered for 4 hours at a series of temperatures, the 
chromium content increased from about 6% at 450C (842F) to 
nearly 26% at 650C (1202 F). Analogous data demonstrating the 
enrichment of cementite in manganese and chromium during temper- 
ing have been reported by Crafts and Lamont (27). 

The formation of molybdenum-rich cementite, as well as of other 
carbides, on tempering quenched iron-carbon-molybdenum alloys has 
been reported by Bowman and Parke and by Bowman (15). 

A further example of a change occurring in a more complex 
system in which more than one type of carbide is present is provided 
by some hitherto unpublished observations on a tungsten alloy made 
by J. J. B. Rutherford in this laboratory some years ago. Specimens 
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Fig. 12—Successive Stages in the Development of Cored Carbides in an 
Alloy Containing 6.0% Molybdenum and 1.3% Carbon on Heating at 925 C 
(1700 F), After 72 Hours at 1115C (2040 F). (Photographs by R. F. 
Campbell.) a—After 72 hours at 1115C (2040 F). b—After 4 hours at 
925C (1700 F). c—After 24 hours at 925C (1700 F). d—After 72 hours 
at 925C (1700 F). 


of this alloy, which contained 5% tungsten and about 0.5% carbon, 
were first homogenized at 1150 C (2102 F ), then quenched and finally 
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Fig. 13—Structure and Electron Diffraction Patterns of Steel Cossaiaing 1.10% 
Molybdenum and . 5% Carbon After Different Heat Treatments. (Opti photo- 
micrographs by J. R. Vilella, others by R. D. Heidenreich.) 
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heated at 700C (1292 F) for 1, 5, 25 and 140 hours respectively. 
Carbides from each specimen were then isolated electrolytically and 
examined by X-rays and by other means, with results presented in 
Fig. 11. The carbide present after 1 hour was chiefly face-centered 
cubic, with only traces of cementite or hexagonal tungsten carbide, 
whereas after 140 hours, the double-carbide had been largely re- 
placed by hexagonal carbide. There was also ample evidence that 
this change had been accompanied by a progressive depletion of 
tungsten in the matrix with concomitant enrichment of the carbides. 

An example of the reverse change, and a good illustration of the 
mode of formation of cored carbides, is presented in Fig. 12, which 
shows the progressive change in an iron-molybdenum-carbon alloy 
which had been treated initially to produce a complex molybdenum- 
rich carbide, then subsequently held at a lower temperature, at which 
a carbide richer in iron, probably cementite, is more stable. This 
alloy, which contained about 6% molybdenum and 1.3% carbon, was 
first heated in an evacuated silica tube at 2040 F for 72 hours, then 
quenched to produce the relatively massive and hard molybdenum- 
rich carbide shown in Fig. 12a. Samples of the alloy in this condition 
were then annealed, likewise in a silica tube, at 927 C (1700 F) for 
4, 24 or 72 hours, which yielded respectively the structures shown in 
Figs. 12b, c and d. After 4 hours, there is just visible a thin en- 
velope of softer iron-rich carbide, which after 24 hours has grown 
markedly, and after 72 hours has nearly absorbed the molybdenum- 
rich core. On subsequent heating at higher temperature the envelope 
material tends to dissolve, leaving the core intact. 

An example of what may happen during cooling of an alloy steel, 
and a good illustration of the kind of results obtainable by the electron 
diffraction technique developed by Heidenreich, is provided by the 
photographs in Fig. 13. Steel containing 1.10% molybdenum and 
about 0.5% carbon was heated % hour at 900C (1650 F), then: 
(a) furnace-cooled; (b) cooled in air; (c) quenched and then tem- 
pered for 2 hours at 704C (1300F). The several samples were 
then examined under the optical microscope, under the electron micro- 
scope, and by means of electron diffraction from a heavily etched 
surface,* with results shown in Fig. 13. The electron diffraction 
patterns from the air-cooled and furnace-cooled samples are spotty, 
indicating the presence of a few well-developed crystals of carbide. 
This spottiness made it difficult to interpret the pattern, but it is 





*These samples were given a rough polish, then deeply etched in HCl-FeCls. A silica 
replica was used for the electron micrographs. 
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certain that the rings observed do not coincide with those for cementite 
or for Mo,C. They are, however, similar to those of a face-centered 
cubic structure, so that the carbide in these specimens is probably 
(Fe, Mo).,C,. The optical photomicrographs reveal the presence in 
the air-cooled specimens of the poorly developed pearlite character- 
istic of molybdenum steels, and the electron micrographs clearly show 
the plates of this carbide. In the furnace-cooled spec:mens the 
pearlite is better developed. 

The diffraction pattern of the quenched-and-tempered specimen 
is quite different, showing a well-developed set of rings which corre- 
spond to those of Mo.C. These rings indicate that these carbide 
particles are small and widely distributed, a conclusion confirmed by 
the optical and electron micrographs which show particles widely 
dispersed throughout the steel. The diffraction pattern also gives 
some indication of the presence of a small amount of the carbide found 
in the air- and furnace-cooled specimens. This was not evident from 
the optical micrographs, but occasional patches of massive plates were 
observed in the electron micrograph. It may be noted that the electron 
diffraction pattern agrees with that obtained by diffraction of X-rays 
from carbides isolated electrolytically. 


COMPOSITION OF CARBIDE FORMED ON [ISOTHERMAL 
‘TRANSFORMATION 


There remains to be considered the constitution of carbides 
formed on isothermal transformation. Although the evidence is 
again somewhat scanty it is none the less revealing. Houdremont, 
Koch and Wiester (10c) have investigated the composition of a car- 
bide, in each case cementite, formed on isothermal transformation 
within the range 400 to 600 C (752 to 1112 F) in both a manganese 
steel and a chromium steel. Their results, presented in Table IT, 
indicate that cementite formed in the pearlite region is alloy-rich 
whereas that formed in the bainite region is alloy-poor. Thus, in the 
steel containing 0.14% carbon, 2.2% manganese and 0.18% chro- 
mium, cementite formed on transformation at 550C (1022F) and 
subsequent spheroidization at 680C (1256F) contains about 18% 
manganese and 3% chromium; on the other hand, that formed on 
transformation at 400 C (752 F) contains only about 4% manganese 
and a trace of chromium. Likewise in steel containing 0.36% carbon, 
1.3% chromium and 0.31% manganese, cementite, formed at 650C 
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(1202 F) and then spheroidized at 750 C (1382 F), contained 17% 
chromium and nearly 2% manganese, in contrast to that formed at 
450 C (842 F) which contained but 3% chromium and only about 
0.5% manganese. 


———— 


Table II 


Composition of Carbides Isolated after Isothermal Transformation 
in Different Temperature Ranges 
(After Houdremont, Koch and Wiester) 


Composition of 


teel Treatment % Mn % Cr 
2.2% Mn, 0.14% C Pearlite Region 18.8 2.4 
0.18% Cr 1000 C + 550 C (10 hrs.) 17.3 3.0 
+ 680 C (50 hrs.) 19.5 2.9 
Bainite Region 3.7 Trace 
1000 C + 400 C (10 hrs.) 3.9 Trace 
3.2 0.1 
1.32% Cr, 0.35% C Pearlite Region 1.9 17.1 
0.31% Mn 1150 C + 650 C (10 hrs.) _ 17.3 
+ 750 C (24 hrs.) 3 7 | | 
Bainite Region 0:7 2.9 
1150 C ~ 450 C (4hrs.) WQ 0.6 2.6 


+ 450 C (24 hrs.) WQ 








These results are not conclusive because of the spheroidizing 
treatment given some of the samples, but the inference that there is a 
marked difference in the composition of carbides formed isothermally 
in the pearlite and bainite regions respectively is confirmed by data 
reported at this meeting by Hultgren, who suggests that the alloy 
content of eementite formed in the bainite region is substantially the 
same as the gross alloy content of the steel. Indirect evidence 
substantiating this conclusion has been presented by Wever and 
Mathieu (29). From an investigation of the saturation magnetization 
and Curie point of carbides in manganese steel, they concluded that 
the manganese content of carbides formed in the pearlite range de- 
creases with decreasing temperature and that iron carbide formed in 
the bainite region contains very little manganese. 

Analogous data for molybdenum steels have been reported by 
Bowman (15b), who concluded that in the transformation of austenite 
to pearlite in steels containing about 0.80% carbon and molybdenum 
up to 1%, the segregation of molybdenum in the carbides decreases 
slightly with decreasing temperature. The precise interpretation of 
these data is difficult because of the presence of more than one car- 
bide, though there are indications that it is true for cementite by itself. 
On the other hand, subsequent data published by Bowman (12) for 
steels containing 0.40% carbon seem not to confirm this trend. 





| 
| 
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Fig. 14—Comparison of the Same Field of a Steel Con- 
taining 6% Molybdenum and 1.3% Carbon After 72 Hours at 
1115C (2040 F), Furnace Cool, 72 Hours at 930C (1705 F) 
and a Brine Quench. a—Picral etch; b—Picral etch plus an 
electrolytic etch in alkaline chromate solution. (Photographs 
by R. F. Campbell.) 
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Fig. 15—The Same Field in a Steel Containing 2% Chromium and 0.35% Carbon, 
Quenched and Tempered for 24 Hours at 715C (1320 F), After Different Etches; a— 
Etched With Picral; b—Etched Electrolytically in Alkaline Chromate Solution. (Photo- 
graphs by J. R. Vilella.) 


Some other interesting points brought out by Bowman and his 
colleagues (12), (15) are: 

(a) In alloys with eutectoid carbon content, the segregation of 
molybdenum in the carbides is much greater at the completion of 
isothermal transformation, in no case more than 30 minutes, than in 
the same alloy quenched and tempered for as long as 250 hours at 
the same temperature; 

(b) Orthorhombic cementite probably forms exclusively in 
alloys containing up to 1% molybdenum at 540 C (1000 F) ; 

(c) In alloys containing more than 0.50% molybdenum, trans- 
formed isothermally at 650 or 705 C (1200 or 1300 F), cementite is 
replaced by the face-centered cubic (Fe, Mo).,C, ; 

(d) In hypoeutectoid alloys, the molybdenum concentration in 
cementite formed by tempering martensite can be increased to a level 
greater than that which results in the presence of (Fe, Mo),.,C,, after 
isothermal transformation of austenite. 

All these results are, in general, what one would expect in view 
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Fig. 16—Linear Thermal Expansion of an Alloy Containing 
5.0% Tungsten and 0.5% Carbon When Treated so as to Put 
Tungsten in Solution in the Matrix as Compared With That When 
Tungsten is Concentrated in the Carbide Phase. 


of the increasing mobility and solubility of alloying elements with 
increasing temperature. 


EFFECT OF COMPOSITION ON PROPERTIES OF CARBIDE AND MATRIX 


On the basis of the foregoing data, one naturally inquires as to 
the significance of variation in composition of carbides on the be- 
havior of the steel. For convenience, we shall use an admittedly 
arbitrary classification on the basis of the effect on the properties of: 
(a) the carbides themselves ; (b) the matrix; (c) the steel as a whole. 

Perhaps the most significant changes in the carbides themselves 
are in their hardness and their resistance to etching. The influence 
on hardness is illustrated in Fig. 14a, which shows diamond pyramid 
indentations made under a 2-gram load on the envelope and core of 
carbides in the molybdenum steel shown in Fig. 12. Although there 
are still some uncertainties in the extension of the Diamond Pyramid 
Hardness scale to such light loads, uncertainties arising in part from 
departure from the specified shape at the tip of the diamond, there 
can be no doubt that the envelope material is softer than the core, the 
difference being of the order of 200 DPH numbers. 
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Difference in resistance to etching is illustrated by comparison 
of Figs. 14a and b. The photograph in Fig. 14a shows a surface 
etched in picral which attacks the matrix rapidly, the envelopes of the 
carbides less rapidly and the cores least rapidly, to yield three distinct 
levels. Contrast this structure with that in Fig. 14b which shows the 
same field after a subsequent electrolytic etch in alkaline .chromate 


Specific Resistance Microhm-cm 





2. &. 9 Soe. SS. 8 
Atom %C 
Fig. 17—Variation With Carbon Ccntent of the 
Specific Resistance of Plain Carbon Steels as Compared 
ith That of Alloys Containing 2.23% Chromium. (Data 
of Campbell and Whitney.) 
solution which dissolves the core but leaves the envelope substantially 
unaltered, as is evident from the slight change in size of the diamond 
impressions. 
Another example is presented in Fig. 15, which shows the effect 
of different etching reagents on the same field in a steel containing 
2% chromium and 0.35% carbon, which had been quenched and 
tempered for 24 hours at 716C (1320F). Photomicrograph a 
shows the structure as revealed by a picral etch, b as revealed by an 
| electrolytic etch in alkaline chromate solution. Since the phase 
) diagram for the iron-chromium-carbon system indicates that under 
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these conditions cementite should be the only carbide present, the 
differences revealed by these reagents probably indicate a difference 
in the alloy content of the carbides. An analogous difference in the 
rate of etching of carbides in annealed ball-bearing steel has been 
reported by Westgren, Phragmen and Negresco (11), who demon- 
strated, by means of the X-ray diffraction pattern of extracted 
carbides, that only cementite was present. 

Other properties of carbides which may be significantly altered 
are density, as indicated by change in lattice parameter, and magnetic 
susceptibility, which is influenced particularly by the iron content. 

The properties of the matrix change as it becomes -depleted or 
enriched by giving to or receiving from the carbide some of the alloy- 
ing element which tends to concentrate in that phase. Thus, linear 
thermal expansion is significantly influenced by the effective alloy 
content of the matrix, as is evident from Fig. 16 which compares the 
expansion of a tungsten alloy after treatment to put most of the 
tungsten in solution with that after treatment to concentrate tungsten 
in the carbide. 

Electric resistivity is especially sensitive to change in composition 
of the matrix, a good example being provided by Campbell’s measure- 
ments of the resistivity of carbon and chromium steels (28), the 
results of which are presented in Fig. 17. The lower curve shows the 
increase in resistivity of a series of carbon steels of increasing carbon 
content, as would be expected from the formation of an increasing 
amount of poorly conducting carbide. The upper curve shows the 
change in resistance of a series of annealed steels containing 2.23% 
chromium. The resistivity is higher at very low carbon content 
because of the presence of chromium in the matrix but with increasing 
carbon content the formation of chromium-rich cementite so depletes 
the matrix that resistivity decreases up to about 5 atom per cent 
carbon when it begins to increase, presumably because most of the 
chromium is then concentrated in the carbide. It is interesting to 
note that from a study of the resistance of chromium steels, Le- 
Chatelier (20) predicted as long ago as 1898 that chromium con- 
centrates in the carbides. 

Other properties of the matrix which may be significantly altered 
are hardness, magnetic quality, density, lattice parameter, and cor- 
rosion resistance, of which the appearance of intergranular attack in 
high-chromium alloys is a good example. 
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EFFECT OF CARBIDE COMPOSITION ON THE PROPERTIES OF STEEL 


A number of properties of steel may be influenced by segregation 
of alloying elements in carbide phases. Some of those, such as 
secondary hardness, have been discussed in detail by Bain (21) and 
need not be considered further here. There are others, however, 
which should be mentioned. 

The first is resistance to creep at elevated temperature. It is 
reasonably certain that creep strength is improved by precipitation of 
fine particles throughout the steel, though it has not been established 
that the particles need be carbides. The size and degree of dispersion 
of such particles may well be more significant than their composition, 
but one cannot ignore the possibility that progressive transfer of 
alloying element from matrix to carbide on holding at temperature 
may also be a factor. 

A second is tendency to graphitize. In principle, one would expect 
that replacement of iron in cementite by a stronger carbide-former 
such as chromium or molybdenum should stabilize cementite and so 
lessen the tendency to form graphite; conversely, that replacement by 
a weaker carbide-former might enhance this tendency. The experi- 
mental evidence is difficult to interpret, in part because graphitization 
is influenced by many other factors and in part because of the diffi- 
culty of distinguishing between true change in equilibrium and de- 
crease in rate of reaction. Chromium appears to stabilize cementite 
since, so far as | am aware, formation of graphite has never been 
observed in steels containing about 2% chromium. There is likewise 
some evidence that molybdenum is effective in preventing graphitiza- 
tion, yet there are well-authenticated instances of graphitization in 
molybdenum steels. On the other hand, it is possible that the enhanced 
tendency to graphitize observed in many aluminum-killed steels may 
be due in part to a decrease in stability of cementite resulting from 
the presence of aluminum. 

Another example is the effect of carbide composition on suscepti- 
bility of steels to attack by hydrogen at high temperature and pressure. 
In the synthesis of ammonia and of certain hydrocarbons, steel is 
often damaged by decarburization, and by the appearance of cracks 
which are commonly ascribed to the formation of methane at high 
virtual pressure through reaction of carbide with hydrogen diffusing 
into the metal. Presence of alloying element in the steel, or more 
specifically in the carbide, appears to stabilize the carbide with conse- 
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quent alleviation of the attack. The influence of various alloying 
elements in annealed steel has been investigated by Naumann (22) 
with results which are summarized in Fig. 18. This chart shows the 
limiting temperature at which steel containing 0.1% carbon is proof 
against attack by hydrogen at 300 kg/cm? for 100 hours. It will be 
noted that the presence of silicon, nickel or copper, all noncarbide- 
formers, has virtually no effect. Manganese has a significant in- 
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Fig. 18—Maximum Temperature at Which Different Alloy Steels, Containing 
0.1% Carbon, Resist Attack by Hydrogen at 300 kg/cm? for 100 Hours. (After 
Naumann. ) 
fluence, with chromium, tungsten and molybdenum increasingly 
effective. All of these elements, as we have seen, concentrate in the 
cementite, or form higher carbides, and so become more effective as 
they are present in increasing concentration. Columbium, zirconium, 
vanadium and titanium are the most effective elements, conferring 
immunity to a very high temperature even when present in small 
concentration, because they hold the carbon as a very stable carbide. 
The horizontal section in the curves for chromium, columbium, 
zirconium, vanadium and titanium represents the range over which 
two carbide phases are present. In each there is an initial range of 
concentration of alloying element, large for chromium, but small for 
the others, in which iron carbide is probably present, and in which 
the maximum useful temperature increases. There comes a point, 
however, at which another carbide appears, as indicated by the 
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Fig. 19—Isothermal Transformation Diagram of Eutectoid Carbon Steel. 


appearance of a plateau in the curve. At the concentration at which 
cementite disappears there is a sudden increase in the maximum 
temperature. The effectiveness of an alloying element in preventing 
attack therefore correlates directly with the degree to which it 
stabilizes cementite or forms a more stable carbide of its own. 
These results imply that the entrance of an alloying element into 
cementite influences, as would be expected, equilibrium relations be- 
tween iron and its carbide and a reactive gaseous atmosphere, such as 
hydrogen. Further evidence of this effect is found in the influence 
of alloying elements, especially chromium, on the rate of decarburiza- 
tion of steel by hydrogen, as demonstrated by Naumann (22) and by 
Baukloh (23). This situation is complicated by the fact that alloying 
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Fig. 20—Isothermal Transformation Diagram of Steel Containing 4% Nickel 
and 0.55% Carbon. 


elements may lower the permeability of iron to hydrogen, as was 
demonstrated for chromium in iron by Baukloh and Guthmann (24). 

If alloy steel is used in other than the annealed or tempered 
condition it may not, in spite of the presence of a stabilizing element, 
be protected. Thus, Houdremont, Koch and Wiester (10c) trans- 
formed specimens of a steel containing 3.2% chromium and 0.2% 
carbon in the pearlite, bainite and martensite regions respectively 
and exposed them to hydrogen at 500C (930F) at a pressure of 
10,000 psi for 100 hours. Specimens transformed in the pearlite 
region were not attacked whereas the others were, yet subsequent 


annealing at 700 C (1290 F) for 24 hours rendered these specimens 
likewise immune. 
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This behavior is significant in the welding of steel which is to 
resist attack by hydrogen. The welding rod is usually a high-alloy 
material, and so commonly transforms during cooling in the bainite 
or martensite ranges, hence forms carbide relatively lean in alloying 
elements. Unless this carbide is subsequently annealed to enrich it in 
alloying elements, the steel is susceptible to attack by hydrogen. 

The foregoing examples illustrate how misleading the usual 
chemical analysis of a steel may be, for in many instances, the signif- 
icant fact is the distribution of an alloying element between matrix 
and carbide and not the total amount in both phases. 

As this discussion began with a review of some established 
principles of chemistry and metallurgy to see what information they 
yield on the constitution and behavior of carbides in steel, it is 
appropriate now to review what we have learned about carbides to 
see how it bears on other principles, as, for instance, the influence of 
alloying elements on the rate of isothermal transformation of austenite. 
As there is not time to cover this entire field we shall consider only 
transformation to pearlite, that is, transformation nucleated by car- 
bide, in eutectoid steels. The specific case of molybdenum has already 
been discussed by Ham (25) but it is instructive to treat the matter 
in more general terms. This requires some speculation, which, how- 
ever, does no harm so long as one remembers that speculation is 
nothing more than opinion. 

In eutectoid carbon steel, as the temperature of transformation 
decreases the rate of nucleation increases, as is common in many 
undercooled systems; this tends to increase the rate of transforma- 
tion (see Fig. 19). At the same time, the diffusivity of carbon 
decreases, which, if the carbon gradients remain unchanged, tends to 
retard transformation. Yet Mehl (26) has shown that the rate of 
growth of pearlite nuclei increases with decreasing temperature, 
which indicates that the carbon gradients change in such a way as to 
increase the net rate of diffusion of carbon. Whether the diffusivity 
of carbon would, at some lower temperature, become so small as to 
cause a decrease in the rate of transformation to pearlite is uncertain 
because the nature of the reaction changes before such a temperature 
is attained (Fig. 19). 

Addition of a noncarbide-forming element, such as nickel, silicon 
or copper, can conceivably influence transformation in two ways, 
either of which would tend to lessen its rate: 

First, it may decrease the rate of the gamma to alpha trans- 
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formation of iron. As Ham has pointed out (25) nickel is especially 
effective in retarding this transformation even in the absence of car- 
bon, so that it might be expected to have the same effect in the 
presence of carbon. 

Second, it may decrease the rate of nucleation of carbide. Thus, 
an element which tends to decrease the stability of cementite might 
decrease the probability of forming a carbide nucleus and thus lessen 
the net rate of transformation. 

Experimental data, at least those now available, show that, in 
general, these elements shift the isothermal transformation curve 
slightly in the direction of longer time without essentially altering its 
shape, as is illustrated by comparison of the diagram for a 4% nickel 
alloy, presented in Fig. 20, with that for carbon steel. This suggests 
that the effect of such alloying elements is chiefly to slow up the 
gamma to alpha transformation in the pearlite region. 

Carbide-forming elements may have a similar influence, since 
manganese and chromium are likewise effective in retarding the rate 
of transformation of iron, but one would also expect, since they tend 
to concentrate in cementite, that they would directly affect the rate of 
carbide formation. For instance, since manganese tends to segregate 
in cementite to form a continuous series of solid solutions ranging 
from Fe,C to Mn,C, the necessity for diffusion of manganese, which 
diffuses much less rapidly than carbon, might contribute to retarding 
the transformation. Moreover, the decrease in diffusivity of man- 
ganese and of carbon with decreasing temperature would seem to 
favor the appearance of a maximum rate in the pearlite region, unless 
the concentration gradients change as they appear to do in carbon 
steels. Most of the isothermal transformation diagrams for man- 
ganese steels thus far published show no such maximum, although in 
some, notably in that for SAE T-1335, the appearance of one may be 
foreshadowed by the promontory in the curve for completion of 
transformation. That there may be a definite, unmistakable maximum 
rate of transformation to pearlite in manganese steels is, however, 
amply demonstrated by some of the diagrams presented at this 
meeting by Hultgren, a good example being his diagram for steel 
containing 2.90% manganese and 0.77% carbon which is reproduced 
in Fig. 21. 

The influence of stronger carbide-formers, such as chromium, 
molybdenum, tungsten and vanadium, is less simple because in the 
presence of these elements there is a tendency to form complex car- 
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bides, especially at temperatures approaching Ae,. Thus one must 
take into account not only the effect of such elements on the rate of 
gamma to alpha transformation and the necessity for their diffusion 
into the carbide, but also the greater difficulty of forming a more 
complex nucleus. As an illustration, the unit cell of cementite con- 
tains but 16 atoms whereas that of (Fe, Mo),,C, contains 116. It is 
only reasonable, therefore, to expect that the probability of forming 
such a nucleus, hence the rate of nucleation, should be markedly less 
than in a plain carbon steel. Combination of these three factors, all 
of which operate in the same direction, provides a possible explanation 
of the fact that the isothermal transformation curves for steels con- 
taining these elements commonly show a maximum rate of trans- 
formation within the pearlite region and that this region covers a 
narrower range of temperature than is found in carbon steels. A 
typical example of such a maximum is given in Fig. 22. It would 
appear that in such steels the low diffusivity of the alloying elements, 
together with the difficulty of forming a complex nucleus, more than 
offsets the influence of a change in concentration gradients. 

On the basis of the foregoing speculations, it is possible to explain 
why these elements have relatively little effect on the position of the 
bainite portion of the isothermal transformation curve, since, in this 
range, the carbide formed is commonly alloy-lean cementite which 
differs but little from that formed in carbon steels. 

Virtually all the data now available are for carbides which 
represent the end-product of isothermal transformation. It would be 
interesting to investigate the composition of carbides formed at the 
beginning and to learn how it changes during transformation, for 
such knowledge should increase our understanding of these processes. 

In conclusion, it is now possible to answer, at least in part, the 
questions with which this discussion began. The composition of 
cementite appears to vary measurably in several different ways. When 
in equilibrium with austenite its carbon content may be significantly 
less than that corresponding to the formula Fe,C, the deficiency in- 
creasing with increasing temperature. It is possible that carbon may 
be replaced to a limited extent by nitrogen. Iron atoms can be 
replaced by atoms of other carbide-forming elements which can fit 
into the cementite structure—more specifically, by atoms of man- 
ganese, chromium, molybdenum, tungsten, or vanadium. At equi- 
librium, on annealing, or on isothermal transformation in the pearlite 
region, these elements tend to concentrate in the carbide phase, 
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depleting the matrix and thereby altering many of the properties of 
the steel. 

These answers are admittedly neither final nor complete. More- 
over, they raise, in turn, a number of other questions; indeed, I have 
in this lecture probably raised more questions than I have settled. 
But these new questions serve to emphasize gaps in our knowledge 
and will, I hope, stimulate further investigation in this fruitful field 
in which Professor Campbell was so notable a pioneer. 
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THE CHROMIUM-OXYGEN EQUILIBRIUM IN 
LIQUID IRON 


By Hstn-M1In CHEN AND JOHN CHIPMAN 


Abstract 


Experiments are described in which liquid iron-chro- 
mium alloys containing up to 20% chromium were brought 
into equilibrium with accurately controlled gaseous mix- 
tures of water vapor and hydrogen. The relationship 
between the ratio (H,0)/(H,) and the equilibrium chro- 
mium content of the bath was used to determine equilib- 
rium constants and free energy changes in the reactions: 

FeO-Cr:0Os (s) + 4H: (9g) = 4H:0 (g) + Fe (1) + 

2Cr (in Fe) [1] 
Cr.Os (s) + 3Hs (g) =3HO (g) +2Cr (in Fe) [2] 


The reactions were studied in crucibles of chromite 
and of chromic oxide. A method was developed for man- 
ufacture of the latter. 

At 1595 C, chromite is the stable solid phase in equi- 
librium with melts containing less than 5.5% chromium, 
while at higher percentages Cr,O, becomes the stable phase. 

The oxygen content of the metal depends upon the 
ratio of water vapor to hydrogen in the gas phase and 
the chromium content. For any given H,O:H, ratio the 
oxygen in the bath increases with increasing chromium 
content. This signifies that chromium decreases the activ- 
ity of oxygen in liquid steel. The effect is explained by 
postulating the existence of chromous oxide in solution in 
the metal. On this assumption the concentrations of oxy- 
gen associated respectively with chromium and with tron 
are calculated. 

The results obtained for reaction [2] are shown to 
be in excellent agreement with calculated figures obtained 
by extrapolation of results at lower temperatures on the 
reduction of Cr,O, by hydrogen to form solid chromium. 
Since the calculation involves the assumption that liquid 
| itron-chromium alloys obey Raoult’s Law for ideal solu- 
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tions, the agreement gives strong evidence of the validity 
of this assumption. 

The effect of temperature on reactions [1] and [2] 
is established by calculations based upon extrapolation of 
the low temperature data. The variation of oxygen con- 
tent of the melt with temperature is approximated by cal- 
culations of somewhat less certainty and the results are 
—— in graphs and tables covering the range 2800 to 

200 F. 


HE chemical behavior of the alloying elements in molten steel 

varies widely among the several elements commonly employed. 
The reactivity toward oxygen dissolved in the bath ranges all the 
way from the strong affinity of the deoxidizing elements, aluminum, 
zirconium, etc., to the nearly complete inertness of copper and nickel. 
Intermediate between these two extremes lie two of the most univer- 
sally used alloying elements, manganese and chromium, and it is with 
the behavior of the latter toward oxygen that this paper is concerned. 
It is known, of course, that chromic oxide is moderately stable at 
steelmaking temperatures; it is not stable enough to make the ele- 
ment a good deoxidizer but is sufficiently stable to lead to the forma- 
tion of chromic oxide and chromite inclusions in most steels which 
contain significant amounts of the alloy. 

An attempt has been made (1)? to calculate the free energy of 
formation of chromic oxide from the elements chromium and oxygen 
dissolved in molten steel and thus to evaluate the deoxidizing power 
of the element. The calculation was based upon the not very con- 
cordant experimental data at lower temperatures and the assumption 
that chromium and liquid iron form an “ideal’’ solution, i.e., a solu- 
tion which conforms to Raoult’s Law. Since that time, additional 
low-temperature data have become available which, when taken into 
consideration with the results of the studies to be reported in this 
paper, not only make it possible to describe accurately the behavior 
of chromium in liquid steel with respect to oxygen, but also to verify 
the assumption of the essential ideality of the iron-chromium liquid 
solution. 

Studies of the nonmetallic inclusions (2), (3), (4) have indi- 
cated that there are probably two products of the reaction of chro- 
mium with dissolved oxygen; chromic oxide, Cr,O,, and chromite, 
FeO:Cr,O,. The conditions which lead to the formation of the one 
or the other product are not clearly defined. Both products are crys- 





1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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talline solids and the second forms the principal constituent of chro- 
mium refractories. 

The purpose of the work herein described was to observe experi- 
mentally the conditions of equilibrium in the two reactions: 


2Cr + 30 = Cr.O; 
and Fe + 2Cr + 40 = FeO-Cr.0; 


In these equations the underscored symbols represent elements in 
solution in liquid steel. 

The plan of attack was to melt iron-chromium alloys in chro- 
mite or chromic oxide crucibles and to bring the melt into equilibrium 
with a controiled atmosphere of hydrogen and water vapor, thus con- 
trolling the activity of the oxygen in the melt. It was expected that 
the chromium content of the bath would adjust itself to the equilib- 
rium concentration by reacting with oxygen if it were in excess or 
by the solution of part of the crucible if the bath were deficient in 
chromium. It was further planned to secure additional data on the 
reaction : 


H. +O=H.0 


which has already been studied in pure iron (5), (6), but which 
up to the present has eluded attempts to obtain accurate data in the 
presence of alloying elements. 

The essentials of the experimental method were to hold the 
molten alloy in the selected refractory and in the controlled atmos- 
phere, with induction heating and its resultant stirring, long enough 
to attain equilibrium, to chill the melt quickly enough to avoid sig- 
nificant loss of oxygen by separation of slag and to analyze the result- 
ant ingot to determine the concentration of dissolved oxygen and 
chromium in the melt. 


APPARATUS 


Gas System—A diagram of the apparatus is shown in Fig. 1. 
Commercial hydrogen passed through a needle valve and led to the 
safety trap (T) which, containing mercury covered with water, was 
used to relieve excess tankside pressure. A by-pass (B) with stop- 
cocks was provided so that the hydrogen could be introduced directly 
from the tank to the furnace when desired. The catalytic chamber 
(C) was used to convert any contaminated oxygen in the commercial 
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hydrogen into water vapor with platinized asbestos. The tempera- 
ture of the catalyst was kept at about 425C (795 F).. All connec- 
tions beyond the catalytic chamber were of all Pyrex glass construc- 
tion, and even before it rubber tubing was used sparingly. Tubings 
beyond the water bath were heated to prevent the condensation of 
water vapor. 

The gas then passed through a water bath (W), kept at desired 
temperature by an auxiliary heating unit, so that the gas was bur- 


B To Furnace 





Fig. 1—Apparatus for Purification and Saturation of Hydrogen. 


dened with a proper amount of water vapor before it was introduced 
into the saturator (S). The saturator unit was composed of three 
glass chambers with the first two chambers packed with glass beads 
and partially filled with water and the third empty as the entrain- 
ment chamber. Each tower had a glass tube with a stopper attached 
for the purpose of adjusting the amount of water in it. This unit 
was immersed in the water bath of a thermostat, the temperature of 
which was electrically controlled to within +0.05C without diffi- 
culty and to within +0.02 C in certain cases. 

Furnace Set-Up—tThe furnace set-up is shown in Fig. 2. For 
the first few runs a sand surface quartz tube 18 inches long and 2 
inches in diameter was used, but later it was found to be permeable 
to hydrogen at elevated temperatures. As a result, a quartz tube 
with glazed surface of the same dimensions was used instead and 
was found to be successful. 

As for the head, in the first 20 runs a brass head with a sight 
glass of Pyrex was used. It was found to be always a source of 
trouble. Neither porcelain cement nor zinc cement provided the good 
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gas-tight seal needed for the connection between the brass head and 
the quartz tube as well as that between the head and the gas inlet 
tube. Both these cements were sensitive to temperature changes and 
liable to develop small cracks. The solution was found by using 
a Pyrex glass head which could be directly sealed to the inlet tube. 
The joint with the quartz tube was made by using a pool of molten 
Wood’s metal, kept molten at all times, as a liquid seal. Copper 
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Fig. 2—Furnace Arrangement. 


sheet was bent around and cemented with porcelain cement to the 
quartz tube to form a container for the molten metal, and nichrome 
wire was wound outside with asbestos paper insulation to pass elec- 
tric current to supply the heat needed to keep it molten. Solidifica- 
tion of the metal would certainly crack the Pyrex glass head, and 
overheating of this low fusing metal will cause evaporation and oxi- 
dation of certain constituents of the metal as well as eventual fog- 
ging of the glass head, making the determination of the temperature 
inaccurate. 
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The crucible was rested on two or three alundum plates in an 
alundum crucible. This alundum crucible was in turn supported on 
the top of a carborundum tube, which was placed on a removable 
transite slide. The alundum plates were used for heat insulation. 
When the chromic oxide crucible was supported directly on the car- 
borundum tube, the crucible would invariably break during the run, 
probably due to the high heat conductivity of carborundum and the 
resultant high thermal gradient through the thin chromic oxide cru- 
cible. The furnace was completed with an induction coil 2% inches 
in diameter, with 12 turns of 3-inch copper tubing. The power was 
supplied by a high frequency converter. About 15 kilowatts were 
needed for melting, and about 9 kilowatts were enough for keeping 
the metal at 1600 C (2910 F). 

In order to cut down the thermal diffusion (5), due to the tem- 
perature gradient of the gas mixture, a preheater was inserted as 
shown in Fig. 2. Platinum wire of gage No. 30 was used as 
the heating element, and was supported with a frame of porcelain 
disks and alundum tubes. The circular porcelain disks with holes 
for both the alundum tubes and the heating elements were made of 
high temperature chemical porcelain. These were designed to pre- 
vent excessive heat radiation to the top part of the furnace set-up 
where too high a temperature was not desired. The whole frame 
was supported on the top of the quartz tube with thin alundum tubes, 
which were cemented to the porcelain disks with porcelain cement 
in the lower part and bound to each other with iron wire in the 
upper part. The leads were made of No. 24 platinum wires sealed 
through the Pyrex glass head to prevent any leakage. Direct cur- 
rent was used for the preheater so that the resistance across it could 
be readily calculated by measuring the voltage across it and the cur- 
rent through it. The temperature of the preheater was thus esti- 
mated by the length of the platinum wire and the resistance change 
across it. Due to the deterioration of the platinum wire and the 
nonuniformity of the temperature throughout the preheater, the esti- 
mation of its temperature was only an approximation, and its tem- 
perature could not be brought much higher than an estimated average 
of about 1100C (2010 F) without a rapid breakdown of the plati- 
num wire. 

Calibration and Testing of the Apparatus—The flowmeter was 
calibrated by passing hydrogen through the whole gas system but, 
instead of passing into the furnace, the gas was collected over water 
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through the exit in a collecting vessel. Care was taken not to dis- 
turb the pressure distribution in the gas system. 

The performance of the catalytic chamber was tested by detect- 
ing the presence of any oxygen in the gas mixture by absorption in 
alkaline pyrogallol. It was found that the oxygen present in the sys- 
tem was negligible. 

The performance of the saturator was tested by determining the 
amount of water vapor carried in a measured amount of dry hydro- 
gen. The absorption system consisted of 3 glass-stoppered tubes. 
The first (a) was filled with glass wool to remove the major part 
of the water vapor. Tube (b) was filled with phosphorus pentoxide 
to remove the last trace of water vapor. The third tube (c) was 
filled with phosphorus pentoxide, and was used to prevent any back 
diffusion of the water vapor from the collection vessel into the absorp- 
tion tube (b). As explained later, the gas flow rate used was some- 
times very low and consequently back diffusion was not impossible. 
Only the increases in weight of the tubes (a) and (b) are registered 
as the amount of water vapor carried in the gas mixture. All the 
connections before tube (a) were kept hot in the same way as the 
main system to prevent any condensation of the water vapor. At 
first the whole gas current was passed through the absorption sys- 
tem. However, although extreme care has been taken to adjust the 
pressure in the collecting vessel, there was the possibility that it was 
not exactly equal to the atmospheric pressure due to the not-too-fine 
adjustment and the experimental difficulties. Later, with the main 
current passing into the furnace with the preheater and Wood’s metal 
seal heated as in an actual run, a small portion of the gas mixture 
was led out through a side tube by adjusting the pressure in the col- 
lecting vessel. In this arrangement the situation exactly duplicated 
that of an actual run, but care had to be taken to remove only a 
small amount of gas so that no back flow from the furnace occurred. 
The results showed good check with the calculated results, up to 50 C 
for the temperature of the saturator and 430 milliliters per minute 
for the rate of the hydrogen flow. 

Measurement of the Temperature of the Molten Bath—A Leeds 
and Northrup disappearing filament type optical pyrometer of recent 
design was used for temperature measurement. To eliminate the 
error introduced due to the liquid iron not being a black body and 
also to the absorption of part of the radiation by the glass, the optical 
pyrometer was calibrated by observing the melting point of electro- 
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lytic iron in a magnesia or alundum crucible under a gas of com- 
mercial hydrogen. It was observed repeatedly that the apparent 
melting point was 1335C (2435 F). The deviation from this fig- 
ure has never been greater than 2 degrees in various determina- 
tions. The melting point of electrolytic iron was taken to be 1535 C 
(2795 F). The equation used was 

l l 

= ane K 

2. we 
where T is the actual temperature in degrees absolute, T, the observed 
temperature (also in degrees absolute) and K a constant for all prac- 
tical purposes, when all the conditions were standardized and the 
emissivity of the observed substances did not change too much. The 
calculation gave the value K — —0.0000684. This value was used 
throughout the whole work. 


CHROMIC OXIDE CRUCIBLES 


Since it was anticipated that either chromic oxide or iron chro- 
mite would be formed in the reaction under investigation, it was 
desirable to use crucibles of these materials to avoid introduction of 
extraneous components. Fairly satisfactory chromite crucibles were 
obtained from a commercial source and chromic oxide crucibles were 
made in the laboratory by a slip-casting technique (7) which is 
described briefly as follows: 

Three lots of chromic oxide have been used, all of technical 
grade. No. 1 was bought from the Baker Chemical Company. It 
was of dark green color and settled in water rather easily. No. 2 
was bought from Merck and Company. It was light green in color 
and seemed to be not easily wetted with water. It tended to float 
on the surface of water in a thin layer, and if forced down under 
water by agitation, small air bubbles were always trapped and were 
hard to remove. No. 3 was also obtained from the Baker Chemical 
Company. It was different from No. 1, being light green in color 
and not settling so readily in water as No. 1. All three were very 
fine material, leaving practically no residue on a 100-mesh sieve, but 
their slip-forming properties were quite different from one another. 
No. 2 was the most plastic while No. 1 was the least. Slip made 
of No. 1 material showed not enough plasticity. It was thin and 
castings made of it cracked in the molds. No satisfactory castings 
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could be obtained. Slips made of materials No. 2 and 3 were sticky 
and rubbery, containing numerous small air bubbles, and the cast- 
ings were soft and weak and stuck tightly to the mold. Very few 
good castings could be successfully removed from the mold. Even 
these had their inner surfaces scarry due to small air bubbles which 
could not be made to escape by any means. 

Absolute alcohol and some other organic liquids were tried 
without success. However, crucibles which cast well and which could 
be dried and fired without cracking were finally obtained by using 
a mixture of materials and developing its plasticity by digesting with 
water and the use of hydrochloric acid. A mixture of 70% by 
weight of No. 1 material and 30% of No. 2, or one of 50% No. 1 
and 50% No. 3, was found satisfactory. The mixture was digested 
in an excess of water for more than 2 days with occasional agita- 
tion. Then it was let settle, the superfluous liquid was decanted off, 
and about 0.5% of concentrated hydrochloric acid was added. The 
mixture was stirred gently without introducing air bubbles. The 
desired consistency was about that of thick cream. 

The molds were made of plaster of Paris and air-dried. To 
make the castings, the slip was poured into the mold without splash- 
ing or entrapping air. Water was immediately absorbed by the mold. 
The liquid level was maintained by additions of slip until the film 
of solidified material reached the desired thickness. The residual 
liquid slip was then poured out. The time required varied greatly 
with the plasticity of the material, consistency and acidity of the slip, 
and the condition of the plaster mold. Within one-quarter of an 
hour, shrinkage cracks began to appear at the junction of the top of 
the crucible and the wall of the mold. After about 1 hour, the cru- 
cibles would be dry enough to stand gentle handling and could be 
removed easily from the mold. The crucibles were air-dried for 1 
day, dried at 105 C for another day and then fired. 

Many methods of firing were attempted before satisfactory 
results were obtained. A globar furnace, which reached 1500C 
(2730 F) in 8 hours, and 2 gas-fired furnaces, which reached 1650 C 
(3000 F) in 4 and in 48 hours respectively, produced equally unsat- 
isfactory crucibles. High-frequency firing in a graphite element pro- 
duced strong dense crucibles which, however, were heavily contami- 
nated with carbon. The final solution was obtained by induction 
firing, out of contact with graphite, to 1430 C (2605 F) and refiring 
in air in the globar furnace to 1500C (2730 F) for 2 hours. The 
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crucibles had a shrinkage of 11%, were reasonably strong and showed 
no evidence in chemical and X-ray examinations of any constituent 
other than Cr,QO,. 


IEXPERIMENTAL WorRK 


Technique—The electrolytic iron was cleaned, pickled, washed 
and dried to remove any attached dust particles which might con- 
tain some carbon. Pieces with smooth surfaces would give better 
results since there would be less probability of introduction of car- 
bon, which would help to make the ingot porous. Approximately 60 
grams were charged into the crucible in such a manner that the upper 
part would not touch the wall of the crucible and, consequently, 
would drop down when the lower part was melted. This was to 
minimize the probability of arching of the charge during the melt- 
ing stage. Calculated amounts of previously pickled and dried elec- 
trolytic chromium were charged at the same time. The saturator and 
the water bath were brought to the desired temperature, which was 
usually a little higher than that expected to give equilibrium condi- 
tion. The whole system was flushed out with hydrogen for about 
three-quarters of an hour. The saturator was by-passed most of the 
time to prevent high water-vapor pressure in the gas, and the result- 
ant condensation of water at the cooler parts of the furnace. 

For the high chromium heats it was more advisable to melt 
under hydrogen since water vapor tended to form a solid film around 
the chromium metal, thus prolonging the time needed for melting. 
The preheater was started and the high frequency current was turned 
on. Since chromium was not so readily melted as iron, pieces of chro- 
mium would float on the surface of the melt for quite awhile. Yet 
it was not advisable to bring the temperature higher than necessary 
lest more chromium oxide be dissolved from the crucible and later 
manipulations would become more difficult. After the charge was 
melted down, the hydrogen was led to pass through the water bath 
and the saturator. 

For the low chromium heats it was found necessary to melt 
under the desired gas mixture since chromic oxide dissolved rather 
readily under hydrogen atmosphere; the chromium content was 
thence higher than needed, and it would be impossible to bring it 
down to the desired amount without disturbing the equilibrium con- 
dition, as will be explained later. For heats with chromium content 
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less than 1%, no chromium was charged; for those with chromium 
less than 0.2%, small calculated amounts of iron oxide were charged 
with the electrolytic iron. After the furnace was well flushed with 
hydrogen, the preheater was started to bring the upper part of the 
furnace to a fairly high temperature. Then the hydrogen gas was 
led through the water bath and the saturator before entering the fur- 
nace. After about 15 minutes, the high frequency current was turned 
on to melt the charge. 

After the charge was melted, it should be brought to the desired 
temperature, in this work 1595C (2905 F), as soon as possible. 
After reaction for a few minutes with the desired gas mixture, solid 
particles began to appear floating on the surface of the melt. These 
would accumulate first around the rim and grow toward the center. 
This was an indication that under such a gas mixture the melt was 
too high in its chromium content. This film grew reasonably rap- 
idly, except in the case of very low chromium or very low oxygen 
content, and would cover the whole melt. Since this was a solid 
film, it would stay on the surface and: prevent exposing of the liquid 
metal. Even if the pyrometer reading due to the high emissivity 
of the solid film were corrected, it could hardly represent the tem- 
perature of the melt because the heat loss to the surroundings was 
so great and this solid film was so insulative to heat that the tem- 
perature of the surface would be greatly affected by the thickness 
of the solid film. In addition the reaction between the molten metal 
bath and the gas would be completely blocked, and the desired equi- 
librium condition would never be attained. Since raising the tem- 
perature of the melt even higher was not desirable, the temperature 
of the saturator had to be lowered. As it took time to get the gas 
composition in the furnace corresponding to that in the saturator, 
and also to have the formation of the solid film noticeable, the tem- 
perature of the saturator was lowered in steps of from 1 to 2 degrees 
instead of continuously. Yet it was practically impossible to remove 
the solid film which had covered the whole melt and thus prevented 
the transference of oxygen from the melt to the gas, which was nec- 
essary before any solid oxide could be dissolved. Dry hydrogen was 
usually needed in such cases, although more chromium would be 
introduced into the melt. Better procedure would be to lower the 
saturator temperature before the whole surface was covered; but in 
most cases the effect of the lowering of the saturator temperature 
was too slow to be effective, and dry hydrogen had to be resorted 











GO NO EI 


TT 





ls en a kw 
Ro ies 


1947 CR-O EQUILIBRIUM IN LIQUID IRON 81 


to. After a few trials, a condition would be obtained in which no 
solid film was formed, or better in which only some isolated solid 
particles floated around the rim without growing inward. Every- 
thing was kept unchanged for one more hour to attain the equilib- 
rium. At the end, the preheater was turned off first, and then the 
high frequency current. A strong current of gas was used to cool 
the melt rapidly, which was kept in its position. The solidification 
was rather rapid, always within 15 seconds. 

The above technique was found to be the most successful and 
was used for the later heats. In the earlier heats, however, a charge 
with chromium content less than required was melted and kept at 
proper temperature in contact with the desired gas mixture for vari- 
ous lengths of time. It was thought that equilibrium should be 
approached from both the high chromium and the low chromium 
sides, but practically no reliable data could be obtained from the 
high chromium side due to the formation of the solid film, although 
it was possible to determine whether a certain melt was on the high 
chromium side or not. It was observed that a melt with 4% chro- 
mium could be obtained from a pure iron charge by keeping it for 
only 1 hour at 1595C (2905F). From this it could be concluded 
that the solution of chromic oxide was not a slow process and that 
equilibrium could be reached within a reasonable length of time if 
the chromium amount charged was not too low. With this in mind, 
it seemed that, although almost all the data were obtained from the 
lower side, they could be counted on to represent the equilibrium 
condition. 

The ingots always adhered to the chromic oxide crucibles, while 
they could be separated easily from the chromite crucibles. After 
grinding off all the nonmetallic substances, including the crust found 
around the ingots as described later, the ingots were analyzed for 
their chromium and oxygen contents. Samples for oxygen analysis 
were usually cut with a cut-off wheel or a hacksaw into pie sections. 
Pickling and grinding were used to clean the surface, and the analyses 
were done by regular vacuum fusion method. Samples for chro- 
mium analysis were prepared by cutting through the vertical cross 
section on a shaper. The chips were cleaned with acetone and ana- 
lyzed by the regular potassium persulphate method. 

In material of this kind the vacuum fusion method can be 
depended upon to determine the total oxygen content of the sample. 
This will include all oxygen which was in solution in the melt and any 
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oxide particles which have become entrapped in the specimen. Micro- 
scopic examination showed rather frequent presence of entrapped’ 
oxide crust just beneath the surface of the ingot, and it is always 
possible that some of this material is not removed in grinding the 
sample in preparation for analysis. For this reason greater weight 
was attached to the lower oxygen results and, in cases where a dis- 
crepancy occurred, the average of the lowest values obtained was 
selected as most probable. 

Experiments and Data—From a total of about 150 trials, 74 
heats were successful. The others were discarded during the run 
due to various troubles such as the failure of some part of the appa- 
ratus, fogging of the sight glass, breaking of the crucible, bridging 
of the charge, covering of the whole surface with solid film, and 
so forth. The first two series of heats (3-4, 24-27) were made in 
magnesia and alundum crucibles for comparison with published data 
and thus to ascertain the over-all performance of the assembled 
apparatus. It could be seen from the data (Table I) that the per- 
formance could be considered as satisfactory. These data were 
entirely compatible with those of Chipman and Fontana (5). 

The third series (131-189) were made in chromic oxide cruci- 
bles. For heats 131-170, the equilibrium was approached from the 
low chromium side and, since no information was available, the start- 
ing charge might be far from equilibrium and the results could be 
used only with careful consideration. Among these heats, many will 
be plotted along with later heats while others have been discarded. 
In many of the ingots, crusts containing considerable amounts of 
nonmetallic substances in the matrix of metallic substances were 
observed. These crusts were metallic in appearance after rough 
grinding, and could not be distinguished from the metal at that time. 
Fine grinding, or better, polishing, however, would show the crusts 
to be darker in color and also less shiny than metal. During the 
grinding of various ingots, streaks of two different colors, brown 
and green, could be observed easily and seemed to be dependent on 
the chromium content of the heat. The solid films formed occa- 
sionally during the heat also showed two different varieties by color, 
brown and green, the former in low chromium, the latter in high 
chromium heats. These will be discussed later in the section on the 
identification of the solid phase in equilibrium with the melt. Heats 
171-189 were made according to the best procedure as described. 
These are believed to be quite reliable. However, for heats 176 and 
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179 it was suspected that, since the charge was not high in oxygen 
content, too much chromium was dissolved during the melting opera- 
tion with the result that the ingots were somewhat higher in chro- 
mium and lower in oxygen than those in actual equilibrium with 
the gas mixture used. 

The fourth series (202-206) was made in commercial chromite 
crucibles after burning out the carbon at 1500C (2730F). These 
crucibles were found to be rather impure, containing magnesium and 
aluminum among other elements. It was thought that these impuri- 
ties together with iron oxides would be insignificant in their effects 
on the equilibrium data only if they were mixtures instead of solid 
solutions with the iron chromite. This might not be true, but the 
error would be small so long as there was an excess amount of 
chromite. 

Due to the porosity and the nonmetallic contamination of the 
ingots, which seemed to be rather serious for those with higher chro- 
mium contents, the oxygen analyses of the higher chromium heats 
were not considered to be reliable. And, in order to ascertain the 
effect of chromium on the activity of oxygen, the fifth series (301- 
320) was made. In this series, alundum crucibles were used, but 
the gas composition and the chromium content of the metal were so 
adjusted that no chromite or chromic oxide would be present. In 
other words, the gas was made so as to be nonoxidizing to the chro- 
mium in that particular metal composition. Thus by varying one of 
the two variables, the gas composition and the chromium content, 
while the second variable was kept constant, the effect of these varia- 
bles on the oxygen contents could be directly determined. As it is, 
most of the ingots of this series were sound and showed very little 
inclusions. The data could be regarded as reliable. 

Fig. 3 is a picture showing the appearance of the crucibles and 
the ingots obtained. 


All the observations and data of these heats are summarized in 
Table I. 


IDENTIFICATION OF THE SOLID PHASE 


According to the phase rule, this system consisted of four com- 
ponents: iron, chromium, oxygen and hydrogen, and three degrees 
of freedom: the temperature, the pressure and the composition of 
the gas phase, so that only three phases could be present in equilib- 
rium with each other. Now that there were already a gas phase and 








Heat %Cr\ He 


Cine alia lon 
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#20) Metal 


No. Charged corr. Cc 


A. senaneet Crucible 


0 0.1023 1592 


4 0 0.0823 1594 
B. Alundum Crucible 

24 0 0.0421 1592 

251 7.4 0.0841 1655 

26% 0 0.833 1597 

27 0 0.1247 1596 


. Chromic Oxide Crucible 
131 0.0824 1653 


8.1 
132 «5.5 0.0832 1603 
133 «3.6 =0.0832 1603 
134 (0 0.1259 1598 
135 2.9 0.0857 1598 
136 11.8 0.0478 1599 
138! 5.9 0.0768 1650 
139 §=3.9 0.0839 1596 
140 1.3 0.1193 1596 
141% 3.0 0.0615 1594 
142 3.3 0.0623 1598 
143% 3.5 0.0655 1597 
144 3.1 0.0557 1597 
151 2.4 0.0849 1597 
153 O 0.0479 1600? 
1554 0 0.0528 1596 
1564 0 0.0746 1607 
1588 0 0.0747 1595 
159 2.5 0.0744 1602 
160 3.1 0.0625 1598 
161 5.0 0.0625 1598 
162 4.3 0.0628 1601 
165 0 0.1022 1599 
168 0 0.0892 1600 
169 0 0.1449 1600 
170 O 0.1446 1597 
171 9.9 0.0280 1602 
172 8.0 0.0276 1596 
174 «86 0.1162 1594 
175 0 0.1398 1598 
176 0O 0.2196 1598 
177 0 0.2479 1598 
178 0 0.3189 1595 
1799 0 0.3818 1596 
180 66.0 0.0619 1597 
181 10.0 0.0448 1596 
182 15.0 0.0356 1594 
183 20.1 0.0280 15% 
184 9.8 0.0462 1595 
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Table I 


Rate 


of Chro- 

Gas mium 
Fiow Analy- Oxygen Analysis, % 
Temp. Time Mi. sis 
Hrs. /Min. % 


1.6 290 


310 


380 
300 


420 
480 


300 9.23 
350 6.09 
300 5.71 
240 2.50 


500 4.37 
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360 3.28 


340 1.55 


480 0.85 
410 0.47 
440 


0.27 
350 7.21 
410 9.98 
400 19.30 
400 10.70 
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Experimental Conditions of the Heats 


Condition of Ingots 


Porosity 


Porous 
Fair 


Porous 
Fair 
Sound 
Porous 
Fair 
Sound 
Porous 
Porous 
Porous 
Porous 
Sound 
Porous 
Sound 
Sound 
Sound 
Fair 


Fair 
Porous 


Sound 
Sound 
Fair 
Very 


Porous 
Fair 


Fair 
Sound 
Sound 
Sound 
Sound 
Sound 
Fair 
Porous 
Porous 
Sound 


Porous 


Crust?® 
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Table I—(Continued) 
Experimental Conditions of the Heats 








Rate 
of Chro- 
H.O Gas mium f 
se Metal Flow Analy- Oxygen Analysis, % 
Heat %Cr\ Hz. / Temp. Time Ml. sis Chosen Condition of Ingots 
No. Charged corr. C Hrs. /Min. % Data Value Porosity Crust® 


C. Chromic Oxide Crucible 


185 7.4 0.0461 1598 1.5 400 8.29 0.039, 0.036, 0.036 Sound G 
0.043, 0.036 
186 5.0 0.0591 1596 1.2 450 5.81 0.031, 0.030, 0.031 Bem > Sevan 
0.031, 0.031 
187 3.3 0.0825 1598 1.6 390 4.45 0.039, 0.036, 0.033 Fair B 
0.041, 0.032 
188 12.7 0.0389 1594 1.1 390 15.13 0.042, 0.053, 0.044 Porous G 
0.061, 0.047 
189 21.4 0.0257 1593 1.1 350 21.40 0.076, 0.057 0.057 Porous G 
D. Chromite Crucible 
2022 0 0.1180 1595 1.0 310 0.37 0.065, 0.060 0.062 een cc eaene 
2033 +O 0.789 1595 2.4 410 0.41 0.174, 0.173 0.174 ee. sp 5 akewas 
204 «OO 1.033 1595 1.6 390 0.30 0.182, 0.190, 0.184 eee: * peagueeie 
0.214, 0.186 
205 4.2 0.0849 1597 1.0 410 3.79 0.030, 0.030 0.030 eee idbasaaes 
206 3.2. 0.1012 1597 2.4 410 2.73 0.037, 0.032, 0.033 ee cv wekenun 
0.039, 0.033 


E. Alundum Crucible 
301 8.3 0.0262 1598 2.2 260 8.0 0.0144, 0.0130, 0.0138 Sound ......... 


0.0139 
302 2.0 10.0260 1595 2.0 300 1.97 0.0105, 0.0077, 0.0080 Sound ......... 


0.0082 
303 5.0 0.0261 1596 1.4 310 4.88 0.0122, 0.0103, 0.0113 Sound ......... 
0.0113 
304 10.0 0.0304 1594 2.0 270 9.63 0.0268, 0.0196, 0.0175 Sound ......... 
0.0171, 0.0179 
305 5.0 0.0304 1595 1.5 290 4.87 0.0138, 0.0134, 0.0131 Sound ......... 
0.0121 
306 =. 2.0-s-0.0305 1598 «61.5 290 1.95 0.0135, 0.0127, 0.0100 Sound ......... 
0.0092, 0.0108 
307 10.0 0.0368 1596 1.5 330 9.69 0.0260, 0.0227, 0.0223 -Sound ......... 
0.0214, 0.0228 
308 2.0 0.0368 1595 1.0 300 1.93 0.0144,0.0106 0.0106 Sound ......... 
309 5.0 0.0369 1597 1.8 340 4.84 0211, 0.0181, 0.0146 Sound ......... 
0146, 0.0146 
310 5.9 0.0468 1598 1.7 320 4.83 0260, 0.0208, 0.0173 Sound ......... 
.0178, 0.0168 
311 2.0 0.0471 1594 1.5 290 1.90 0161, 0.0147, 0.0142 Sound ......... 
.0137, 0.0142 


0. 
0. 
0. 
0 
0. 
0 
312 2.0 0.0673 1596 1.5 290 1.89 0.0192,0.0190, 0.0194 Sound ......... 
0. 
0. 
0. 
0 
0. 


0.0200 
313. 10.0 0.00607 1596 1.5 220 9.80 0069, 0.0078 0.0074 Sound ......... 
314 5.0 0.00608 1595 1.7 33 4,93 0061, 0.0047, 0.0055 Sound ......... 
0.0058 
315 0.0 0.0282 1592 1.5 290 0 0069, 0.0068 0.0068 Sound ......... 
316 =6©0.0 0.00604 1596 15 340 0 0033, 0.0026, 0.0028 Sound ......... 
.0025 
317, 0.0 0.00603 1596 16 340 0 0036, 0.0024, 0.0030 Sound ......... 


; 0.0030 
318 0.0 hydrogen 1595 2.3 320 0 0.0018, 0.0014 0.0016 Sound 


320 10.0 hydecsen 197 2.1 300 9.8 0.0026, 0.0025 0.0025 Sound 


NOTES: 

1Preheater not used during the run. 

“Chromite crucibles always showed some reaction with the metal, and for this one 
(Heat 202) it was thought that equilibrium with the gas was not attained. 
7 8G” means crust that gave green streak. ‘‘B’’ means crust that gave brown streak. 
G (?)” means that the streak color looked like green, but not distinct. “B and G” 
means that green crust was found around the corner of the bottom of the ingot, while 
brown one was found at the bottom and the sides. This might well be explained by the 
difference in temperature at the various positions. 

All the data lacking for crusts are due either to failure to record properly, or to the 
fact that the crust was so thin it could hardly be distinguished from the crucible itself. 


ESET ee 
a 


eee eeeeee 








86 TRANSACTIONS OF THE A. S. M. Vol. 38 





Fig. 3—Crucibles Before and After Use and Typical 60-gram Ingots. Above 
chromic oxide; below chromite crucibles. 


a liquid phase, only one solid phase (or another liquid phase) could 
exist under equilibrium conditions. When a solid phase, in this case 
the crucible material, was introduced into the system, it might remain 
as such, if it were the stable solid phase under those conditions, or 
it might dissolve continuously into the molten metal with the precipi- 
tation of a new phase from the molten metal, also continuously. This 
reaction would continue to proceed until one of the phases disap- 
peared which might be, in this investigation, the complete solution 
of the crucible or the complete solidification of the molten metal, and 
no equilibrium could be obtained before this final stage unless it was 
blocked. For the high chromium heats, the crucible material, chro- 
mic oxide, Cr,O,, was the stable solid phase and presented no prob- 
lem. For the low chromium heats, iron chromite, FeO-Cr,O,, was 
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the stable solid phase, as will be shown later. The precipitated chro- 
mite, together with the molten metal, formed a crust at the bottom 
of the melt which adhered to the crucible without floating up as 
slag. This blocked further reaction between the molten metal and 
the crucible, and the result would be about the same as if the melt 
were done in a chromite crucible. 

To determine the nature of the solid stable phase, three different 
substances in direct contact with the melt have been studied: (a) 
the crust as described earlier, which consisted of nonmetallic sub- 
stances in a metallic matrix and which was quite high in its content 
of nonmetallic substances ; (b) the nonmetallic inclusions in the metal, 
which were present only in small amounts; and (c) the crystals, 
usually needles, observed on the surface of the melt, which were prac- 
tically free from metal. 

Microscopic Examination—Many of the ingots were cut, and 
both the crusts around the ingot and the nonmetallic inclusions in 
the metal were studied under the microscope. A few of the typical 
ones are shown in Figs. 4 to 10. Figs. 5 to 8 show the appearance 
of the crusts, and Figs. 9 and 10 that of the nonmetallic inclusions. 

Fig. 4 shows one of the nonmetallic clusters inside the metal 
ingot, heat 185. More like this have been found in ingot 189. These, 
no doubt, led to the high results of the oxygen analysis and could be 
used to explain why some of the oxygen data were extraordinarily 
high. It has been observed that these clusters always contained 
nonmetallic substances of the green variety, and occurred only in 
those ingots where crusts of the green variety were found. 

Fig. 5 shows the appearance of the crusts of the brown variety 
under the microscope. These were easily polished. The tendency 
to pit was small. The particles were medium gray under white 
reflected light, and showed some bright red internal reflection under 
dark-field illumination. They seemed to be fairly rounded and tended 
to grow into a network with the particles joining together. They 
did not exhibit high relief. They were almost opaque under the 
polarized reflected light. These observations seemed to correspond 
exactly with what had been observed (2), (3), (4) for the inclu- 
sion of “chromite”. 

Fig. 6 shows the appearance of the nonmetallic crusts of the 
green variety. In contrast to the brown variety they were not easily 
polished, always tending to pit. They were light gray in color under 
white reflected light. They exhibited rather high relief, and their 
boundaries were defined by a furrow, which appeared dark in reflected 








88 TRANSACTIONS OF THE A. S. M. 


p 
Fig. 4—Oxide Cluster Found in High Chromium Heats. X 100. (Heat No. 185, 
Cr 8.29%.) 
Fig. 5—-Microscopic Appearance of Brown Type Crust (FeO-CooO,;). X 500. (Heat 


may 


No. 187, Cr 4.45%.) 
Fig. 6—Microscopic Appearance of Green Type Crust (Cr.O,). * 500. (Heat No. 


180, Cr 7.21%.) 

and bright in dark-field illumination. The particles seemed to be 
more irregular than the brown variety, and tended to remain as sin- 
gle particles rather than joining together. These seemed to be what 
is described as chromic oxide, with the exception that these particles 
did not exhibit green color under dark-field illumination nor aniso- 
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Fig. 7—Crystalline Inclusions, Probably FeO-Cr.O;, in Low Chromium Heat. X 500. 
(Heat No. 169, Cr 2.30%.) 


Fig. 8—Crystalline Inclusions, Probably Cr.Os, in High Chromium Heat.  X _ 500. 
(Heat No. 188, Cr 15.13%.) 


tropic characteristics under polarized light, and instead seemed to be 
opaque under those circumstances. Etching with an acid perman- 
ganate reagent attacked many of the metal ingots very rapidly and 
offered no opportunity for comparison. 

Fig. 7 shows crystalline inclusions in the ingot 169, which had 
a low chromium content, and Fig. 8 those in the ingot 188, which 
had a high chromium content. They seemed to be fairly similar in 
appearance, but as Portevin and Castro (2) pointed out, octahedron 
and rhombohedron sections might, in fact, be very similar in appear- 
ance, and the shapes of the plane sections are not sufficient to iden- 
tify their crystal systems. Both were opaque under dark-field illumi- 
nation, and have not been identified. 

X-Ray Examination—As the microscopic examination was not 
very conclusive in determining the nature of these solid phases, X-ray 
diffraction was resorted to. The true inclusions were too small in 
amount and could be separated from the metal only with difficulty ; 
they were not examined. 


Filings of the crust of the brown variety were examined with 
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Table I! 


X-Ray Diffraction Pattern of Heat No. 140 Crust 
Residue After lodine Treatment 


Co Radiation: Ae = 1.787 A Ag = 1.617 A No Filter 





pa Mea sured —--_.. —__ Fe ——_X c——FeO-Cr20;—, 
Corr. Angle da dg Intensity d Intensity d Intensity 
10.98 4.69 vw ees nat 4.82 0.2 
17.62 2.92 ee 0 — 2.95 0.4 
19.46 (2.68) 2.43 ae... -< “@anes wae pitas oe 
20.93 2.50 w Sareatl sales 2.52 1.0 
23.92 (2.20) 2.00 See ihe a sig 
25.24 2.10 vVvVw oe dris 2.08 0.4 
26.45 2.01 vs 2.01 1.00 tn otea 
32.74 1.65 vvVVw mink aie 1.70 0.3 
33.64 1.613 vw iid aden 1.606 0.8 
37.60 1.464 ie. ee pana 1.475 0.9 
38.84 1.425 w 1.428 0.15 oes ae 
44.38 1.277 vVVVWw iionn ite 1.274 0.4 
50.00 1.166 s 1.166 0.38 eat gan 
61.96 1.012 w 1.010 0.10 ation han 
68.40 0.961 VVVWw canes eka 0.966 0.3 
NOTES: 
dea = d calculated from Aa; dg = d calculated from Ag. 


v = very; w = weak; s = strong. 
Fe data from ASTM X-ray diffraction data cards No. 3399. 
FeO-CrzeO3 data from Clark, Ally and Badger (20). 


the result that the iron lines were so predominant that the other lines 
were too obscure. In order to separate most of the iron from the 
mixture so that it would be more concentrated in the nonmetallic 
phase, the iodine treatment for oxide inclusions as described by Cun- 
ningham and Price (8) was used. The essential part was to dis- 
solve the metallic iron in a ferrous iodide solution with the addition 
of ammonium citrate, which would not dissolve the oxides. The resi- 
due after 5 hours of digesting at OC was filtered and washed. The 
measurement of the X-ray diffraction photograph of the residue from 
ingot 140 is tabulated in Table II. Comparison with the published 
data indicates that there is a good check with those of chromite, con- 
sidering the inaccuracy of the measurement of the lines on a Debyc- 
Scherrer picture, especially for the very faint lines. Table III gives 
the measurement and comparison of the lines for the crust of heat 
182, and Table IV those for the surface condensate of heat 181. It 
could be seen that the last two consisted of mixtures of iron and chro- 
mic oxide, Cr,O,, with more iron for the crust. 

Since chromium did exhibit some fluorescent radiation, using 
cobalt as the target, the films were somewhat fogged, and the meas- 
urements less accurate. However, the data left no doubt as to the 
identification of these crusts; that is, the brown variety as chromite 
and the green variety as chromic oxide. Slight amounts of other 
substances might occur in the solid phase as solid solutions, but if 
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Table Ill 
X-Ray Diffraction Pattern of Heat No. 182 Bottom Crust 


Co Radiation: \a = 1.787 A No Filter 

















——————_ Mea s ured ————__, —_F + ——_Cr,0;— 

Corr. Angle d Intensity d Intensity d Intensity 
20.60 2.54 vw ee okt 2.67 0.70 
21.71 2.415 vw ase pete 2.47 0.70 
26.51 2.001 8 2.01 1.00 Sack seean 
29.85 1.795 NI a. ob oy Cea danle 1.81 0.45 
32.80 1.649 — > >. een Snacks 1.67 1.00 
38.95 1.421 w 1.428 0.15 1,432 0.45 
50.07 1.165 s 1.166 i. > wae nein 
55.13 1.089 OE tS oe sees 1.087 0.12 
58.73 1.045 vvw oaiiedl waters 1,041 0.10 
61.93 1.013 w 1.010 a2 - sade aca 
71.00 0.945 vVvVVw sian ane 0.946 0.06 

NOTES: 
Fe data from ASTM X-ray data card No. 3399. 
Cr,O, data from ASTM X-ray data card No. 3667. 
Table IV 
X-Ray Diffraction Pattern of Heat No. 181 Surface Condensate 
Co Radiation: Aa = 1.787 A No Filter 

—————- Meas ured —-—_—_—__, —————_ Fe —_—_, pa Cre Oy, 

Corr. Angle d Intensity d Intensity d Intensity 
14.50 3.57 vvw aki 3.62 0.45 
19.82 2.64 oy | SO eee 2.67 0.70 
21.49 2.44 eo. «Ae See 2.47 0.70 
24.47 2.16 oe ee beak 2.17 0.30 
26.36 2.015 s 2.01 1.00 2.03 0.04 
29.78 1.800 vw eae cant 1.81 0.45 
32.50 1.663 w saad 1.67 1.00 
34.90 1.562 a 1.58 0.06 
37.77 1,460 vw weaEe cell 1.465 0.30 
38.82 1.426 w 1.428 0.15 1.432 0.45 
43.86 1.290 vvVw anes mite 1,294 0.16 
46.14 1.239 ——. ° +; ‘wana oten 1.236 0.06 
49.77 1.170 w 1.166 0.38 1.172 0.05 
51.46 1.141 ae) emia eke 1.148 0.06 
52.77 1.122 ae 1.123 0.06 
55.46 1.085 vvw 1,087 0.12 
59.06 1.041 vVVWw giao seia 1.041 0.10 
61.73 1.016 VVVWw 1.010 ae... >.) aeene die 
71.19 0.943 it oo un geal gel 0.946 0.06 
72.61 0.937 We we yee gaa aia 

NOTES: 


Fe data from ASTM X-ray data card No. 3399. 
Cr,O, data from ASTM X-ray data card No. 3667. 


the assumption that the solubility was limited was true, the activity 
of the solid phase could be considered as constant and equal to that 
of the solid chromite or chromic oxides. 

Discussion—From the above observations it could be concluded 
that there were two different varieties of crusts, the brown chromite 
and the green chromic oxide. Since chromic oxide crucibles were 
used for all these ingots, this left no doubt that chromite was the 
reaction product and should be the stable solid phase under certain 
conditions, one of which was the low chromium content. The high- 
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est one where the presence of chromite could still be assured was 
ingot 143 with a chromium content of 5.05%. On the other hand, 
chromic oxide crust could be assured in ingot 180 with a chromium 
content of 7.21%. The presence of both the green and the brown 
variety in one ingot, as ingot 143, seemed to be due to incomplete- 
ness of the reaction between iron and chromic oxide. 

It has been tried to obtain chromic oxide crust without using 
chromic oxide crucible so that it could be ascertained that the chromic 
oxide found was really precipitated from the ingot, and thus proved 
to be the stable solid phase. This attempt was not successful. First 
a chromite crucible with a proper chromium content was used, but 
the chromite acted differently from the chromic oxide in that it did 
not dissolve readily, and practically no crust could be found. A heat 
with a high chromium charge was made in an alundum crucible with 
a gas mixture high in water vapor content which was beyond the 
equilibrium point. The result was that (heat 25) the entire surface 
was covered with a very thin film rapidly, which could be removed 
only by raising the temperature or lowering the water vapor con- 
tent of the gas, and that no crust could be found. Yet from the 
color of the film formed it looked rather certain it was of the green 
variety, that is, chromic oxide variety. 

It seems quite safe to say that the critical chromium content, 
above which chromium oxide was stable and below which chromite 
was stable, lies between 5 and 7%. It should be emphasized that 
the above statement is true only when the oxygen in the metal is 
exactly in equilibrium with the stable nonmetallic phase. If oxygen 
is in much excess, the precipitation of both chromite and chromic 
oxide would be possible. As observed in the case of heat 174, where 
chromite was formed from a high chromium melt, it seemed that 
chromite might be precipitated more rapidly than chromic oxide. 
This might be one explanation of why chromite inclusions were so 
often found in ferrochromiums and high chromium steels. 

As both chromite and chromic oxide are considerably lighter 
than iron (5.09 for specific gravity of chromite and 5.21 for that of 
chromic oxide), they were expected to float on the surface of 
molten iron. On the contrary, they were found at the bottom as 
crusts, which could be explained best by the assumption that the 
crusts adhered to the crucible wall. It was postulated that, owing 
to the porous nature of the chromic oxide crucible, the liquid iron 
might creep into the interstices of the crucible wall to form a crust 
within which the solid particles were not free to move away. In this 
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way the contact surface between metal and crucible was tremendously 
increased, and the reaction between metal and solid phase promoted. 
The facts that the chromic oxide crucibles always adhered to the 
ingots and could be removed only by grinding, while the alundum 
and chromite crucibles could be separated easily from the ingots, 
supported this postulate. The high rate of solution of chromic oxide 
from the crucible also supported it. As the crusts were first formed, 
they were composed of chromic oxide in a matrix of iron principally, 
but as time went on and when conditions were favorable to the for- 
mation of chromite, reaction proceeded on the surfaces of the parti- 
cles with the result that some of the chromic oxide particles might 
be occluded without further reaction with the melt. If the condi- 
tions were favorable to chromic oxide formation, the crust will remain 
as such without reaction. This was considered as the reason why 
chromic oxide crusts remained in particles and chromite crusts tended 
to become a network. The strong eddy current in the melt would 
tend to carry these particles upward to the surface, thus explaining 
the occasional appearance of clusters of nonmetallic substances in 
the steel. While chromite crusts always tended to grow into a net- 
work, the tearing away of a part of these chromite particles would 
be difficult, and that might be why no cluster of chromite was found 
in the metal. 

As this postulation could be used successfully to explain the 
observed phenomena, the hypothesis that the nonmetallic particles in 
the crust constitute the stable solid phase in equilibrium with the melt 
during the process, and were not produced otherwise, could be estab- 
lished. Chromite and chromic oxide are the stable solid phases for 
low and high chromium melts, respectively. 

As for the nonmetallic inclusions in the metal, the most probable 
explanation was that most of them were produced during the solidifi- 
cation process. At that stage since the cooling was rapid, the equi- 
librium constants might drop so low that the precipitation of both 
solid phases would be possible. In such cases the phase which ap- 
peared in quantity would depend more on reaction rates than on equi- 
librium conditions, and could not be used as a criterion for the stabil- 
ity of the solid phase at higher temperatures. Besides, the identifica- 
tion was not conclusive, and it seems unwise to count heavily on 
those observations. 

The observations on the surface film and surface condensates 


were very incomplete, but those available did show a good check 
with those based on the crusts. 
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Tue Eguiitisrium DaTa 
Sources of Error 


Temperature Measurement. The reading and calibration of the 
pyrometer were quite satisfactory and could be duplicated within two 
degrees. However, as the method of correction presumed that the 
emissivities of the molten metals of various heats were constant and 
equal to that of the pure iron, it was possible to introduce some error. 
No attempt was made to determine the emissivity of the various 
alloys. As pointed out by Goller (9), the chromium-iron alloy would 
have a higher emissivity than iron. Although his data could not be 
used in this investigation because other alloying elements were pres- 
ent in the materials he used, it is quite possible that a higher chro- 
mium alloy would have a higher emissivity. If this were true, the 
actual temperature of the high chromium heats would be lower than 
the corrected temperature as listed in the tables. 

As for the individual runs, the temperature control for the earlier 
runs was not very good, and in some cases it had been necessary to 
go somewhat higher than desired, as listed in the table. Heats 174 
and 177 had the metal surface covered with solid film; heat 153 
showed some fogging on the sight glass due to various reasons; and 
heats 169 and 156 bridged. For these heats the temperature meas- 
urements might be erroneous. With these exceptions it was thought 
that the temperatures were accurate to at least +5 C, provided there 
was no change in emissivity. It was found to be quite possible to 
hold the temperature constant to within +5C during an experiment. 

Gas Composition. From the data obtained in the testing of the 
saturator, it was evident that the calculated gas composition did 
represent the actual gas composition up to at least 50C. Table V 
gives the oxygen analysis in iron melted under definite gas compo- 
sition, and the corresponding values of the equilibrium constant in 
the final column. The results checked very well with the data of 
Fontana and Chipman (5), which gave the value 3.95 at 1600C 
(2910 F), and the equation of Chipman and Samarin (6), which gave 


H,O 





the value 4.1 at 1595 C (2905 F) for the ratio Ko = ( 


) 101. 


The average value obtained in these heats was 4.15, which will be 
used in later calculations. This also indicated that the performance 
of the saturator was excellent, provided the amount of water in the 
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Table V 


Equilibrium of Chromium-Free Melts 
With Steam and Hydrogen at 1595 C 





P P 
H.O H.O 
— — }/(O] 
Heat Crucible P eere [O] P 
No. Used H. ; Analysis He 
3 MgO 0.1023 0.0246 4.16 
4 MgO 0.0823 0.020 4.11 
24 Al,O3 0.0421 0.010 4.21 
26 Al,Os 0.8258 0.199 4.15 
27 Al.O3 0.1243 0.030 4.14 


towers and the temperature of the water bath were well adjusted 
as well as the temperature of the saturator. In case of very high 
moisture content in the gas, the deviation might be higher but, for 
those cases, the chromium analyses were also not too accurate, and 
the data could be used as references only. 

Chromium Analysis and the Equilibrium. The results of chro- 
mium analyses checked very well normally. As an estimation, it 
could be said that for those samples with more than 10% chromium, 
the maximum deviation of single values from the average is 
+0.10% ; for those around 5%, +0.06%; for those around 1%, 
+0.03% ; and for those around 0.3%, +0.02%. As the method 
used was standard, there seemed to be little doubt about the validity 
of the results of these analyses. 

As for the equilibrium, since the reaction involved the absorp- 
tion or evolution of a considerable amount of oxygen from or to the 
gas, and since the transference of gas between liquid and gas was a 
slow process, the equilibrium condition was more difficult to be at- 
tained than in the case where no alloying element and only relatively 
small amounts of oxygen were involved, unless the amount of chro- 
mium in the charge was about equal to that needed in the final equi- 
librium condition. The solution of solid chromic oxide into the 
metal was fairly rapid, as exhibited by the rapid increase of chro- 
mium content in certain heats. 

For the high chromium heats, more change in chromium con- 
centration was generally needed for the same change of (H,O/H,). 
To dissolve more chromium from the crucible, oxygen must also 
dissolve into the metal from which it must be transferred to the gas 
before more chromium can be dissolved. This was a slow process. 
The effect might not be noticeable for low chromium heats, where 
the amounts of chromium and oxygen involved were small, but were 
significant for high chromium heats. If this was the case, the ingot 
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would be lower in chromium than it should be under equilibrium 
conditions. 

In some low chromium heats the amounts of chromite produced 
were not enough to block the reaction between the melts and the 
chromic oxide crucibles. In those cases the solution of the chromic 
oxide and the precipitation of the chromite would proceed simul- 
taneously, and the chromium contents of the melts would be inter- 
mediate between those corresponding to the chromic oxide equi- 
librium and those to the chromite equilibrium depending on the rela- 
tive rate of these two reactions. Heats 170 and 176 could be cited 
as examples belonging to this case. 

From the above reasoning it could be said that the chromium 
content in the ingot tended to be high for low chromium heats and 
low for high chromium heats. Therefore, more weight was put on 
lower chromium data for the low chromium heats, and on higher 
chromium data for the high chromium ones. This deviation from 
the true equilibrium was aggravated when the chromium content in 
the charge was far away from the equilibrium chromium content, 
and decreased when proper charge was made. On this basis the 
later runs, heats 171-189 and 203-206, would give better data than 
the earlier runs where the charges were determined by mere guesses. 

In the fifth series, heats 301-320, the amount of oxygen to be 
transferred was much less. The ingots were sound, and very little 
inclusions have been found. The chromium analyses should. be con- 
sidered as rather reliable and true equilibrium actually reached. 

Oxygen Analysis. As explained in the previous section, oxygen 
analyses of heats in chromic oxide or chromite crucibles tended to be 
lower in low chromium heats and higher in high chromium heats 
than they should be under equilibrium conditions, due to the heats 
being short of true equilibrium conditions. 

However, unlike the chromium analyses, the oxygen analyses 
exhibited other complexities by themselves. The chief difficulty en- 
countered was the complete removal of the crusts from the samples. 
This could be done by prolonged grinding, and it was advisable to 
do the last grinding on sandpaper (No. 1 or, better, No. 0) so the 
presence of any crust could be easily recognized by the difference in 
luster from the metal itself. This had been done for most of the 
samples analyzed, with special care exercised in heats 171-189 and 
203-206. As stated before, the lower values of the oxygen analyses 
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of a single heat were considered as better representatives than the 
higher ones. 

In several other cases, especially for high chromium heats as in 
heats 180 and 189, clusters of the nonmetallic crusts were found in 
the ingot. Doubtless this would lead to some extraordinarily high 
values of oxygen in the metal. This could not be removed com- 
pletely, as evidenced by the fact that it was impossible to obtain check 
data on four oxygen samples analyzed for each of these two heats. 
In such cases the lowest value was chosen as the best value that 
could be obtained and, as a result, these values cannot be considered 
as reliable. 

On the other hand, loss of oxygen might occur during the cool- 
ing and solidification process through (a) settling (floating-up) of 
the nonmetallic substances formed during cooling, and (b) evolu- 
tion of gas. The absence of noticeable amounts of nonmetallic sub- 
stance on the surface of the solidified ingot, and the presence of 
clusters of nonmetallic inclusions, in some of the ingots lent support 
to the assumption that the loss of oxygen (or chromium) through 
the removal of the nonmetallic inclusions was negligible. Neverthe- 
less, the loss of oxygen through evolution of gas might be consider- 
able, as indicated by the bad porosity of some of the ingots. Despite 
the attempts to reduce the porosity by removing all the carbon in the 
charge and crucible, many ingots were still porous, especially for 
the high chromium heats. This porosity might have two contra- 
dictory effects on the oxygen analysis. One was the loss of oxygen 
through formation of carbon monoxide or other gas, and the other 
was to occlude more of the crust into the ingot by stirring. Need- 
less to say, the larger surface produced by porosity offered more 
chances to be oxidized and thus show higher oxygen content. This 
effect, however, was reduced by keeping all the ingots in a desiccator 
and by processing without quenching in water. As a conclusion, the 
effect of porosity was different in different cases and could not be 
generalized. It could only be said that oxygen data of sound ingots 
should be more reliable than those of the porous ones. 

For the fifth series, heats 301-320 which were made in alundum 
crucibles, the oxygen analyses could be considered as fairly good 
because of the invariably sound ingots and their freedom from in- 
clusions. 
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Interpretation of the Data 


Chromium and the Water Vapor-Hydrogen Gas Mixture. When 
chromite is the stable solid phase, the reaction involved in the sys- 
tem is: 


FeO:CrsOs (s) + 4H: (g) = 4H:0O (9g) + Fe (J) + 2Cr [1] 


where (s) denotes solid state, (g) gas state, and (/) liquid state, 
and the underscored symbol represents a substance dissolved in liquid 
iron. Assuming that FeO-Cr,O, is a pure solid phase, that the 
activity of iron is a constant, which is strictly true only when the 
amount of solute in the molten metal is insignificant, but which may 
be considered as approximately true in the case of chromium less 
than 5.5%, and that the activity of chromium is proportional to its 
weight per cent, the equilibrium constant for this reaction would be 


H.0\$ as. 
K-(5° poe ss bits Wa wowed [la] 
H; 
Similarly, when chromic oxide is the stable solid phase, the 
reaction and the equilibrium constant would be 


CriOs (s) + 3H (g) = 3H2O (9) + 2Cr [2] 


3 
K: -(=2) SOE. 4 peuica sccm ene [2a] 
H 


In this reaction no iron is involved, and thus its activity could be 
changed to a greater extent without affecting the constancy of the 
constant K,. 

The data are plotted in Fig. 9 and also in Fig. 10 on a logarith- 
mic scale. 

The significance of the logarithmic plot becomes evident if we 
put equations [1] and [2] in logarithmic form and simplify to ob- 
tain the following: 


log (#2) = ¥% log Ki— “Ywlog[%Cr] .......... [1b] 
log (32) = 4 log K:— % log [%Cr] .......... [2b] 


From these equations it may be seen that in the range where equa- 
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Fig. 9—Relationship Between Chromium Content of Molten Iron and Equilibrium 


Ratio of Water Vapor to Hydrogen at 1595 C (2903 F). 
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Fig. 10—Ratio (H2)/(Hg) as a Function of Chromium Content. Line A in equilib- 
B with chromic oxide. 
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tion [1] pertains, the slope of the logarithmic curve should be — % 
while in the range of equation [2] it should be — 24. 

Considering the possible experimental errors, two straight lines 
are drawn in Fig. 10 with their proper slopes, and almost all of the 
experimental points do fall on these two lines beautifully. These 
justify all the assumptions made in deriving the expression for the 
equilibrium constants. The intersection point of 5.5% chromium 
also agrees very well with the observations on the solid phase dis- 


2 


H, 


The equilibrium constants as defined can be read directly from 
the lines as 





cussed earlier. At this point the ratio( )is 0.070. 


Ki = 7.23 X 10° 
K: = 1.036 X 10° 


The standard free energy changes in the two reactions are: 


FeO-Cr:0s (s) + 4H: (g) = 4H:O (9g) + Fe (/) + 2Cr 


AF wesc = — RT In Ki = 26840 cal. .......... [1c] 
CrOs (s) + 3Hs (g) = 320 (g) + 2Cr 
AF* isc = — RT In Kz = 16900 cal. .......... [2c] 


The effect of temperature on these values will be discussed in a 
later section. 

Oxygen in the Melt. In order to study the effect of chromium 
on the relationship between the oxygen content of the bath and the 
steam-hydrogen ratio in the gas, heats 301-320 were made. The 
data of the other heats are considered to be inadequate for this pur- 
pose, because the oxygen analyses of the high chromium heats are 
not reliable, while those of the low chromium ones are not very in- 
formative. 

These heats were made in alundum crucibles with an insuffi- 
cient amount of chromium charged so that no chromite or chromic 
oxide would be precipitated under the particular gas composition. 
There was always the possibility that some of the chromium in the 
form of oxide might form solid solution in the aluminum oxide 
crucible. The pinkish innermost layer of the used alundum crucible 
served as a strong evidence of the formation of such solid solutions. 
Naturally these solid solutions of various compositions would show 
various activities of chromic oxide. But since the diffusion process 
in the solid phase would be slow, the layer in direct contact with 
the molten metal could be considered to be saturated with chromic 
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oxide to sugh an extent that it was in real equilibrium with the 
molten metal. Thus we could eliminate the effect of the solid phase 
in the system and limit the system under consideration to the liquid 
and the gaseous phases only. In this way, through the elimination 
of one of the phases involved, it is possible to introduce one more 


Oxygen % 
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Fig. 11—Relationship Between Oxy- 
gen Content and Ratio (H.O)/(H:z) for 
Unsaturated Chromium-Iron Alloy 
Melts. Lowest line represents chro- 
mium-free melts. 


independent variable. By keeping the chromium content constant 
we could determine the effect of the gas composition on the oxygen 
content in the melt at various chromium levels. 

Fig. 11 gives the relationship. It is evident that the oxygen 
content is directly proportional to the H,O-H, ratio for any partic- 
ular chromium content. This is expected, yet it is interesting to note 
that the slopes of the straight lines are different for different chro- 
mium contents. As the oxygen and the H,O-H, ratio are directly 
proportional and all the lines for various chromium contents in Fig. 
11 converge at the origin, it is evident that for any particular chro- 
mium content the ratio [% O]/(H,O/H,) is a constant. The values 
of this constant are plotted against the chromium content in Fig. 12. 
A very good straight line is obtained, with its intercept on the ordi- 
nate at 0.241, which is exactly the value found for pure iron melts. 

Fig. 12 makes it possible to calculate the oxygen content of 
metal of any chromium content within the range studied when in 
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equilibrium with an atmosphere of any H,O/H, ratio. When applied : 
to metal which is also in equilibrium with chromite or chromic oxide 
refractories the result is the limiting oxygen content of the metal 
for any chromium content at the temperature of the investigation. 
Table VI summarizes the results of this sort of calculation based 


Oxygen % /H2 O/He 
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Fig. 12—Values of the Quotient [% O]/ 
(H,O) 


(Hg) 
characteristic value for pure iron appears at 
zero per cent chromium. 





in Chromium-Iron Alloy Melts. The 


upon the curve of Fig. 9 and the straight line of Fig. 12, which for 
this purpose is assumed to continue as a straight line up to 20% 
chromium. 

The relationship between the oxygen and chromium contents of 
the melt are shown in Fig. 13. Here the curve above 5.5% chro- 
mium is based entirely upon the extrapolated values of Table VI. 


Table VI 


Limiting Gas Composition and Oxygen Content in Chromium-Iron Alloys 
in Equilibrium with Chromium Refractories at 1595 C 


Cr, % H.0/ Hg Oo % ao fo 
0 0.930 0.224 0.224 1.00 
1 0.162 0.045 0.039 0.87 
2 0.116 0.036 0.028 0.78 
4 0.081 0.031 0.020 0.63 
5.5 0.070 0.030 0.017 0.56 
8 0.056 0.029 0.013 0.47 

10 0.046 0.028 0.011 0.40 
12 0.041 0.027 0.010 0.37 
16 0.034 0.027 0.008 0.30 
20 0.029 0.027 0.007 0.26 
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Fig. 13—Oxygen Content of Chromium-Iron Melts in Equilibrium with 
Chromite, X, or Chromic Oxide. Open erat indicate results extrapolated 
from lower chromium heats of Figs. 11 and 1 


As already pointed out, the discrepancy in the high chromium range 
is due to occasional suspended particles of chromic oxide and to 
incomplete removal of crusts from the analytical specimens. 

Activity of Oxygen in Chrominm-Iron Alloys. It has been well 
proved (5), (6) that the activity of oxygen is directly proportional 
to its concentration in pure iron melts. However, in the case of 
iron alloys, the situation might be different. Let the activity of oxy- 
gen in any melt be defined as equal to the concentration of oxygen 
in pure iron which would exert the same oxygen pressure or, in 
other words, which would remain in equilibrium with the same 
H,O-H, gas mixture. Now it has already been established that the 
relationship between the oxygen concentration in pure iron and the 
H,O-H, gas mixture at 1595 C is (H.O/H,) = 4.15 [% O], which 
can be used to calculate the activity of oxygen in the various heats. 
As shown in the preceding discussion, the activity of chromium is 
directly proportional to its concentration within the limits of the data 
and no loss of accuracy is introduced in using its concentration in 
per cent instead of its activity. 
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Fig. 14—Effect of Chromium Upon the Activity Coefficient of Oxygen. 


Using a, for the activity of oxygen in the melt, the following 
equation may be applied to all of the data obtained at 1595 C: 


K—( HOY ja, = 4.5 ee a alts [3] 





Therefore, for melts which are in equilibrium with chromite: 


i 
"3 
‘ 


FeO-Cr.0Os (s) = 40 + Fe (1) + 2Cr 
Ks = [% Cr]* ao* = Ki/Ks* = 2.44 X 10° ...... [4] 


And for melts in equilibrium with chromic oxide: 


Cr.Os (s) = 30 + 2Cr 
Ks = [% Cr]’ a. = K2/K*5=1.45 X 10% ...... [5] 


The above equations are valid only when the activities of oxy- 
gen instead of the concentrations are used. 

Equation [3] and the data of the second and third lines of Table 
VI permit the calculation of the activity of oxygen in the saturated 
solution at any percentage of chromium. The results are shown in 
the fourth line of the table. The deviations of the behavior of the 
solution from the laws of the ideal dilute solution are best shown 
by the calculation of an activity coefficient, defined as the ratio of 
the activity to the concentration. This coefficient is tabulated in the 
fifth line of the table from which the great deviations from ideal 
behavior are obvious, since the ideal law calls for a coefficient of 
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unity. This is further illustrated in Fig. 14 which includes all the 
available data. It should be noted that the activity coefficient of 
oxygen is a function of chromium content and is independent of 
whether the heat is in equilibrium with chrome refractories or not. 
This is in accord with the form of the lines in Fig. 11. 

Chromous Oxide in the Melt. From the strictly thermodynamic 
viewpoint there is no necessity for explaining the remarkably low 
activity coefficient of oxygen in the chromium-iron alloys, and like- 
wise there is no proof that the following explanation is the correct 
one. The unexpectedly low activity coefficient results from an un- 
expectedly high oxygen concentration in the melt which can be ex- 
plained if part of the oxygen is associated with the chromium. 

The results of a considerable number of experiments on pure 
iron melts showed that their oxygen content at 1595 C is given by 
the equation : 





[% O] = 0.241 ( Be ) pee ook ae [6] 


2 


This may be regarded as the oxygen associated with the iron and, 
if its amount is proportional to the fraction of iron in the chromium- 
iron alloys, we may write: 








[% Ore] = 0.241 (=°) % Fe 


100 


The excess oxygen above this amount may be assumed to be associ- 
ated with the chromium as some compound whose formula may for 
the moment be written Cr,O,. The oxygen present in this form is 
obtained by subtracting the above equation from that representing 
the total oxygen content of the alloys shown in Fig. 12, which is 








[% Orotar] = (0.241 + 0.0355 [% cnp(=2) ii dete [8] 
From which we find for Oc,, the oxygen associated with chromium: 
[% Ove] = 3.79 (=°) eae a [9] 
H: / 100 


This signifies that, at any given gas composition (up to saturation) 
the oxygen associated with chromium is a linear function of the 
percentage of chromium in the bath, a result which was already ob- 
vious from Fig. 12, This could only be the case if the value of y 
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in Cr,Oy is unity. Since the value of x cannot be learned from these 
experiments it will be sufficient to conclude that the behavior of the 
oxygen associated with chromium in the bath may be satisfactorily 
explained on the assumption that it is present as the compound CrO. 
This conclusion is strikingly similar to results previously reported 
(10) which indicated the presence of dissolved CO in iron-carbon- 
oxygen alloys, and is also reminiscent of earlier indications of the 
presence of SiO in acid melts (11). 


CALCULATION OF THE EFFECT OF TEMPERATURE 


Comparison with Data at Lower Temperatures—While the 
thermodynamic properties of the oxides of chromium have not been 
established with finality everi at low temperatures, it will be inter- 
esting to compare the results of the present experiments wih calcu- 
lations based upon low temperature data. For this purpose we use 
the summary and calculations of C. G. Maier (12). He based his 
calculations upon Roth and Wolf’s (13) value of —268,900 calories 
for the heat of formation of Cr,O,, the known entropies of the sev- 
eral substances involved (14) and carefully estimated, though not 
accurately known, values for their heat capacities at elevated tem- 
peratures. These calculations led to the following equation for the 
free energy change in the reduction of Cr,O, by hydrogen: 

CrsOs (s) + 3Hs (g) = 2Cr (s) + 3H:O (g) ....ccccccccccccces [10] 

AF® = 99,390 + 13.78 TinT — 4.84 X 10°T* + 0.46 X 10°°T* — 123.16T 
A graph of this equation is shown in Fig. 15 along with the experi- 
mentally determined points of Wartenberg and Aoyama (15), Grube 
and Flad (16) and Granat (17). While the agreement is not per- 
fect it must be regarded as quite satisfactory, in view of the entirely 
independent nature of the sources of data. A revision of the equa- 
tion to take account of recent determinations of the heat capacity 
of Cr,O, (18) seems unwarranted at this time in view of the 
greater uncertainty in the heat of formation of this compound. 
Maier’s equation appears to represent as good a summary as can be 
obtained of all the data on the free energy of formation of Cr,O, 
from solid chromium. 

For use at steelmaking temperatures the equation may be sim- 
plified by calculating from it values of A F° and AH at 1600C 
and using these to set up the following equation : 


Cr,O; (s) + 3Hs (g) =2Cr (s) + 3H:O (g); AF® = +84510 — 18.75T [11] 
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The remaining data which are needed in applying the above 
equation to reactions of chromium in liquid steel are taken from 
Chapter 16 of “Basic Open Hearth Steelmaking” (19). The fol- 
lowing equation was derived to express the change in free energy 
when one gram atom of solid chromium dissolves in molten iron to 
form a 1% chromium alloy: 

Cr (s) = Cr; AF® = 4350 — WLIIT. 0. eee eee cece wees [12] 


This was based upon two approximations, the first an estimate of 


-1.5 








5 6 7 8 9 10 
1/T x 104 


Fig. 15—Equilibrium in the Oxida- 
tion of Solid Chromium by Water Vapor 
at Lower Temperatures. The line rep- 
resents Maier’s equation based upon 
heat of reaction and entropy. 


the heat of fusion of chromium which might introduce a minor error, 
and the second the assumption that chromium and iron form an 
ideal solution, i.e., one which obeys Raoult’s Law throughout its 
possible range of compositions. This second assumption might 
introduce errors of unknown and possibly large proportions, although 
the physical similarity of the two elements would warrant its use as 
a first approximation. 

The combination of these two equations leads directly to the 
desired result: 


CriOs (s) + 3H:(g) = 2Cr + 3H,O (g); AF* = +93210— 40.97T = [13] 
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This calculated equation may now be compared with the experi- 
mental results which were summarized by Figs. 9 and 10 and by the 
experimental value of K, at 1595C. The comparisons are shown 
in the following: 


Obs. Calc. 
NS ig as eres 16,960 cal. 16,560 cal. 
Be ss cach wet aeeen ates 1.036 X 10° 1.15 X 10° . 


The precision of this agreement must he, to a large degree, for- 
tuitous since the discrepancy is considerably smaller than the uncer- 
tainties in the data employed. A minor change in the derived equa- 
tion brings it into exact agreement with the data of this paper, giv- 
ing us the following: 


CrsOs (s) + 3H: (g) = 2Cr + 3H20 (9g) ; AF*° = +93210 — 40.83T [14] 


This equation may be used with considerable confidence to extend 
the experimental results of this paper to temperatures above and 
below that of the experiments. In combination with equations cited 
(19), this yields the following for the formation of Cr,O, from the 
elements. This replaces the corresponding equation previously pub- 
lished (reference 19, page 493). 


3 
2Cr (s) + - (g) = Cr2Os (s); AF° = —265,050 + 60.40T [15] 


Stability of Chromite—The free energy of formation of 
FeO-Cr,O, from FeO and Cr,O, may be obtained from the inter- 
section of the lines of Fig. 10. At this point the chromium content 
is 5.5% and the mol fraction of iron is therefore 0.94. The equi- 
librium gas composition is a ratio of HJO/H, = 0.070. This estab- 
lishes the equilibrium : 


Fe (1) + H:O (1) + Cr-Os (s) = FeO-Cr-Os (s) + H:2(g) ...[16] 


(H:O) (Fe) 0.070 X 0.94 
or AF° ses = —10,100 cal. 


The corresponding oxidation of liquid iron is represented as follows 
(19): 


Fe (/) + H:0 (g) = FeO (J) + H: (g) ; AF sss = —620 cal. [17] 





=. 
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Table VII 
Oxygen in Iron-Chromium Alloys in Equilibrium with Chromite or Chromic Oxide 





Temp., F 7——2800—_, Cn r—3100—, rc 3200—, 


we E3000, 
ee Equilibrium 


Cr, % Ore oO Ore v Ore 0 Ore oO Ore oO 
0.1 0.078 0.079 0.122 0.125 0.182 0.185 0.273 0.277 2 wii ecate 
0.2 0.055 0.057 0.086 0.090 0.128 0.135 0.193 0.198 0.275 0.282 
0.5 0.035 0.038 0.055 0.061 0.083 0.090 0.122 0.130 0.175 0.185 
1.0 0.025 0.030 0.038 0.045 0.058 0.067 0.087 0.099 0.122 0.138 
2.0 0.018 0.024 0.027 0.036 0.041 0.053 0.061 0.078 0.087 0.108 
5.0 0.011 0.020 0.017 0.031 0.026 0.046 0.037 0.064 0.052 0.089 

ee. eee beeen aceite, wine -\ ween deaee S aw kaeion 0.036 0.086 
Chromic Oxide Equilibrium 

5.0 0.011 0.019 0.017 0.031 (0.027) 0.047 (0.042) 0.071 (0.063) 0.103 

10.0 0.0065 0.017 0.011 0.028 0.016 0.041 0.026 0.063 0.036 0.086 

20.0 0.0035 0.017 0.006 0.028 0.010 0.042 0.014 9.060 0.021 0.083 





Hence for the formation of chromite: 
FeO (1) + Cr20; (s) = FeO-Cr:Os (s) ; AF °sses = —9480 cal. [18] 


At much lower temperatures Boericke and Bangert found values of 
—8630 to —7800, decreasing numerically with increasing tempera- 
ture. Our results thus indicate a slightly greater stability of the com- 
pound at high temperatures than would be expected from their work. 

Effect of Temperature on Oxygen Content—Temperature co- 
efficients of the various equilibria studied were not determined di- 
rectly. For the principal reaction, that of Cr,O, with hydrogen, 
the agreement with earlier data gives confidence that equations [14] 
and [15] are as valid over the whole range of steelmaking tempera- 
tures as at the temperature of our experiments. No such certainty 
may be claimed for the corresponding reduction of FeO-Cr,O, but, 
since it seems probable that the effect of temperature on the free 
energy change in equation [18] is relatively small, it will be as- 
sumed that this equation is valid over the range of steelmaking 
temperatures. 

There is no means for calculating with certainty the oxygen 
content of the bath at temperatures other than that of the experi- 
ments, but the following represents an attempt to estimate the effect 
of temperature upon oxygen content of metal in equilibrium with 
chromium refractories. The temperature effect on equation |7] is 
represented by the following equation which is based on the observed 
constant of equation [7] and the heat of the reaction [19]. 


[% Ore] (H:) 
H:O (g) = Or. + Hs (g) ; K = ——————_; log K = —5930/T + 0.556 


[% Fe] (H:0) [19] 
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Oxygen % 





Chromium % 
Fig. 16—Calculated Chromium-Oxygen Relationship in 
Molten Chromium-Iron Alloys at Several Temperatures, 
Estimated from Observations at 1595 C (2903 F). Solid 
lines, total dissolved oxygen. Broken lines, oxygen asso- 
ciated with iron, probably as FeO. 
Now if we assume that the entropy change in equation [9] is the 
same as that of equation [7] we find for dissolved oxyg: a associated 
with chromium: 


[% Ocr] (H:) 
Cr + HsO (9) = Oce + He (9) ; K = —__—_———__; log K = 
[% Cr] (H:O) 


—3690/T + 0.556 [20] 


These two equations, together with equations [14] and [18], have 
been used to compute the data of Table VII, part of which is plotted 
in Fig. 16, showing the chromium-oxygen relationship at several 
temperatures. Table VII summarizes all of the data of this paper 
on the constitution of liquid iron-chromium-oxygen alloys in equi- 
librium with chromium refractories. It should be noted that only 
the column representing 2900 F has been directly determined, values 
for the other temperatures being calculated from these and other 
data. 
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SUMMARY 


The chemical behavior of chromium with respect to its reactions 
with oxygen in liquid iron-chromium alloys has been investigated 
in a series of experiments at 1595C (2905F). The experimental 
method involved the establishment of equilibrium conditions in the 
system iron-chromium-oxygen in which the oxygen pressure was 
controlled by means of the water vapor: hydrogen ratio of the gas 
phase. In the presence of chromium refractories the principal reac- 
tions were: 


FeO-CrzOs (s) + 4H: (9) = 4H:0 (g) + Fe (/) + 2Cr (in Fe) [1] 
Cr2Os (s) + 3H: (g) = 3H3O (9) + 2Cr (in Fe)... eee eee eee. [2] 


The equilibrium constants of these reactions at 1595C are as 
follows: 





Ki -( ue) [% Cr]? = 7.23 X 10° 





K; -( =) [% Cr]? = 1.036 X 107 


A method was developed for the manufacture of small crucibles 
of Cr,O, using slip casting and special firing techniques. For the 
first reaction, commercial chromite crucibles were also used. 

At 1595 C, chromite is the stable solid phase in equilibrium with 
melts containing less than 5.5% chromium, while at higher per- 
centages Cr,O, becomes the stable phase. Calculations indicate that 
the quadruple point represented by this composition increases in chro- 
mium content with increasing temperature. 

The oxygen content of the saturated alloys (i.e., those which 
were in equilibrium with chromium refractories) could not be deter- 
mined accurately on account of suspended fragments and nonmetallic 
crusts embedded in the small ingots. For this reason a series of 
experiments were carried out in alumina crucibles at oxygen con- 
tents below the level required for formation of the chromic oxide. 
In these alloys it was found that for a given ratio, H,O:H,, the 
oxygen content increased with increasing chromium, being more than 
doubled by an increase in chromium content from zero to about 9%. 
This signifies that chromium lowers the activity coefficient of oxy- 
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gen. The effect is explained quantitatively by postulating the forma- 
tion of CrO in solution in the bath. 

The oxygen content of molten metal in equilibrium with chro- 
mite or chromic oxide was obtained by extrapolation of the data 
obtained in alumina crucibles. The result shows approximately con- 
stant oxygen content above about 6% chromium. 

Thermodynamic calculations show that the results on reaction 
[2] are in good agreement with published data obtained at lower 
temperatures. Since the calculations involved the assumption that 
liquid iron-chromium alloys obey Raoult’s Law the agreement is 
taken as confirmation of this assumption. 

The effect of temperature upon the free energy change in the 
reduction of Cr,O, by hydrogen to yield chromium directly as a con- 
stituent of liquid steel is: 


CrzOs (s) + 3H: (g) = 2Cr + 3H:0 (g) ; AF® = +93210 — 40.83T 


The effect of temperature upon the oxygen content is also cal- 
culated, though with somewhat less certainty. Tables and graphs 
are presented which show the relationship between chromium and 
oxygen content in the range 2800 to 3200 F. Table VII and Fig. 16 
give values of the percentage of total oxygen, O, as well as of the 
ferrous oxygen, Or. The remainder appears to exist in combina- 


tion with chromium, presumably as dissolved chromous oxide. 
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DISCUSSION 


Written Discussion: By S. F. Urban, director of research, The Tita- 
nium Alloy Manufacturing Co., Niagara Falls, N. Y. 

Drs. Chen and Chipman have published an extremely worthwhile paper 
on a very fundamental problem that should certainly be very useful to any 
individual concerned with the melting of stainless steels. Though it has been 
known from Dr. Chipman’s paper of several years back, based on thermo- 
dynamic calculations, that the temperature coefficient for chromium was ex- 
tremely high, it is refreshing to have this verified so beautifully with actual 
data. 

Consistent with the thinking in the previous paragraph, it is evident that 
carbon from stainless steel bonds may be reduced to appropriate values with- 
out excessive oxidation of chromium provided the carbon elimination is car- 
ried out at temperatures more elevated than normal. This, of course, pre- 
supposes that there is a means available for getting through the lower tem- 
perature range rapidly. 

Written Discussion: By Shadburn Marshall, Research and Development 
Division, Carnegie-Illinois Steel Corp., Pittsburgh. 

This paper is another example of the excellent research work in the field 
of steelmaking that continues to emanate from Dr. Chipman’s laboratory. 

At first glance, one would believe that the authors have taken a broad 
liberty in correcting their optical temperatures for chromium-containing melts 
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to the melting point of pure iron, since Goller has shown that chromium affects 
considerably the emissivity of pure iron. However, the close agreement with 
data extrapolated from lower temperatures and the fact that the extrapolation 


%o O 


of the ratio ——————- to chromium-free melts (Fig. 12) agrees extremely 
PH:0/PH: 


well with other published data precludes the existence of much error in tem- 
perature measurement. If, however, any check on this point is desired, it is 
suggested that the pyrometer could be calibrated by taking cooling curves on 
iron-chromium alloys and comparing with the data of Adcock,’ obtained by 
thermocouple, on high purity iron-chromium melts. The maximum difference 
in liquidus on cooling and solidus on heating shown by Adcock in the range 
of compositions used by the authors is only about 18C so that a fair check 
should be obtainable. 

It is interesting to note that these new data show chromium to be a slightly 
better “deoxidizer” than previously calculated. This is in line with the ob- 
servation that the product of the reaction is chromite, whereas the original 
calculation was based on chromic oxide as the reaction product. 

Written Discussion: By Carl A. Zapffe, consulting metallurgist, Bal- 
timore. 

Of particular interest in this paper is the evidence for the existence of 
chromium monoxide, CrO, in liquid chromium steel. The authors refer to 
similar evidence published several years ago (their Ref. 11) concerning 
silicon monoxide, SiO—a matter which was much debated at that time. There 
are two subsequent papers enlarging that information on SiO which are not 
recognized in the present work,®‘* the second likewise calling attention to 
chromium monoxide, CrO, and, in addition, to the monoxides of certain other 
alloy elements in steel, such as TiO, ZrO, AlO, BO, VO, and CbO. | 

If CrO is a chemically identifiable constituent in Fe-Cr-O systems, as it | 
certainly seems to be, the authors’ classifications of the nonmetallic phases into 
Cr,0; and FeO-Cr.O; seem insufficient. Indeed, in a contemporary publica- ) 
tion’ direct evidence is presented for the existence of a blue-black CrO slag 
phase as distinguished from the characteristically green Cr2Os and it then 
follows that a protoxide chromite may also exist, possibly expressed by the 
formula (FeO):s(CrO),y. 

One may consequently question the interpretation provided for Fig. 10. 
In the first place, the fit of the points is too enthusiastically described as 
“beautiful” by the authors. Actually, other straight lines, or a curve, could 
be drawn through those points. In fact, the existence of CrO should be ex- 
pected to modify the Cr.O; constitutional boundaries, also those of FeO-CrzOs, 
much as FeO modifies FesO, in the wiistite field. 

In Figs. 13 and 16 there appears exactly the type of divergence between 
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Fig. A—Blue-Black Groundmass of Chromium Protoxide Which Dissociated During 
Cooling to Form Green Cr2O3 and Metallic Cr Along Narrow Dendrite Positions. (See 
footnote 4.) > 2000. 


theoretical and experimental curves noted in Zapffe and Sim’s research with 
Fe-Si-O (Fig. 7 in Ref. 11). In that work the monoxide form was recognized, 
and consideration was given to a consequent stepwise oxidation process which 
seems inevitable. In the Fe-Cr-O system this becomes: 
I, [FeO] + [Cr] — Fe + [CrO] 
II. [FeO] + 2[CrO] — Fe + (Cr20s) 
If the activity of Cr2O; is unity: 
[CrO}] = ————-— 

(FeO) 1/2 

Thus, as the steel is “deoxidized” with respect to FeO, its oxygen con- 
tent increases with respect to CrO. The corollary of this statement seems 
more readily grasped: [CrO] increases as [Cr] increases. In the present paper 
there is no mention of Equation II just given; and in view of its transcending 
importance one should inquire why. 

Still another equation of broad importance remains unmentioned. This is 
the “chromiumizing” reaction discussed in a contemporary paper :* 
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ITT. 3 CrO = Cr + Cr.0; 
which liberates free Cr on cooling just as CO liberates free C in the graph- 
itizing reaction: 
2CO=C+ CO, 
and as FeO liberates Fe in its decomposition to produce magnetite: 
4FeO = Fe + FeO, 


Figs. 7 and 8 stand as demonstrations of this “chromiumizing” reaction, for 
the inclusions contain metallic particles. Since either Cr2O; or chromite is 
definitely a primary solidification entity, and of typically chunky character 
lacking in cavities and concavities, one cannot easily claim that these are mere 
cross sections of re-entrant metal arms. As demonstrated elsewhere,’ such 
metallic particles probably represent Cr or Cr-Fe alloy liberated from dissocia- 
tion of an original protoxide phase. 

In closing, we will point to the similarity between the inclusion in Fig. 4 
and the “cluster type” inclusion in Fig. 3 of Ref. 11, which was related to the 
dissociation of silicon monoxide. Since the dissociation product of CrO is 
green Cr2Os, an explanation results for the typical association of these inclu- 
sions with a green nonmetallic, noted by the authors. Fig. A reproduced from 
footnote 5 is presented as evidence of the described dissociation of blue-black 
groundmass CrO into dendrites of green Cr2O; and metallic Cr. 


Authors’ Reply 


Dr. Marshall’s point regarding the uncertainties of optical temperature 
measurements is well taken. If subsequent determinations of emissivity under 
the conditions employed should indicate a marked effect of chromium, it will 
be necessary to revise the figure recorded as the average of our experimental 
temperatures. 

With respect to the application of the data to the practical metallurgy of 
stainless steels, the authors have carefully refrained from attempting to draw 
conclusions. The presence of chromium probably affects the activity of carbon 
in the bath as well as that of oxygen, and experimental studies of the system 
iron-chromium-carbon in the liquid range might be expected to yield interest- 
ing results. 

Dr. Zapffe’s comments are interesting but fall short of proving the exist- 
ence of CrO as a separate phase. The hypothetical presence of the compound 
as a constituent of the melt is in no way dependent upon its existence as a 
pure substance. 

His equations I and II are not independent of the equations of the paper 
and can be deduced from the latter, along with numerical values for their 
equilibrium constants. Such calculations would seem redundant. 

The increase in oxygen associated with chromium accompanying an in- 
crease in the chromium content, in an environment of constant oxidizing po- 
tential, was pointed out very specifically in connection with equation [9]. Simi- 
larly for saturation with chromite the increase in [% Ocr] with increased 
chromium content is readily found by subtracting any two corresponding col- 


umns of Table VII. 











THEORETICAL THERMAL STUDIES OF STEEL 
INGOT SOLIDIFICATION 


By Victor PASCHKIS 


Abstract 


The thermal aspects of solidification are discussed in 
a qualitative manner and it is shown that the energy 
balance as well as the time-temperature characteristics of 
various parts of the ingots are necessarily different. The 
cooling rate at the center 1s very different from that at the 
surface or points in between. Mathematical analysis ts 
impractical because of the many assumptions necessary to 
permit analytical solution. A relatively new method—that 
of electric analogy—is described and then experiments 
carried out by this method are described. The experiments 
show the beneficial influence of a carbon insert at the 
bottom of a mold; the freezing near the bottom becomes 
much more uniform. A comparison of a round and a 
rectangular ingot shows, as expected, the greater uniform- 
ity of the former, as far as solidification rates are con- 
cerned. Finally a comparison of two hot tops shows that 
both are sufficient ; i.e., with neither is a bridging of the 
ingot below the hot top to be expected. 


QUALITATIVE ANALYSIS OF THE HEAT FLow PROBLEM 


HIS paper deals only with the thermal aspect of steel ingot 

solidification. It is recognized that the problem of solidification 
has many angles, but it is believed that answers can be obtained only 
by dealing separately with the different sides of the problem. 

In considering the thermal aspect of ingot solidification the 
metallurgist encounters immediately a puzzling statement. The entire 
complex question of existence of a “mushy state” between liquid and 
solid, the problem of how the transition from liquid to solid steel 
takes place, is of no importance from a thermal viewpoint. A thermal 





The experiments described in this paper are part of the work carried on by the NDRC 
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study should merely yield the answer to one or both of the two 
following questions: 


(a) What time is required to cool the steel from the pouring 
temperature to any given and desired lower temperature? 
(b) How much heat is extracted during this time from the steel ? 


The present paper deals only with the first of these two questions. 
Moreover, the “desired lower temperatures” are in this paper limited 
to the two values, represented by the liquidus and the solidus lines 
on the constitution diagram. 

Different points in the ingot reach these temperatures at different 
times. Curves can be drawn, connecting all points reaching a given 
temperature (e.g. the liquidus), at the same time. Such curves are 
called “isochrons’’* and need two characterizations: the time and the 
temperature. Thus a “20-minute isochron for 2700 F” connects all 
points in the ingot which cool within 20 minutes from the pouring 
temperature to 2700 F. 

Ingot—The following considerations refer to an ingot of finite 
thickness, but of infinite area of contact with the mold. In other 
words, it refers to an infinite plate of finite thickness. Each of the 
two surfaces of the “ingot” plate contact another plate of finite thick- 
ness (mold), which is initially cold. 

In the plate representing the ingot, three elements, the charac- 
teristics of which are characteristic of the behavior of the entire plate, 
will be considered. All three elements are thought of as having 
infinitely small thickness, so that temperature differences within 
each element may be neglected. It is furthermore assumed that the 
mold fills instantaneously, or in other words, that the pouring time is 
zero. Changes by slow filling will be considered later. 

Element A (see Fig. 1) is located at the surface of the ingot 
facing the mold. Element B is located midway between the center 
plane and the surface, and there are of course a great number of 
Elements B, each of which is at a different distance from the center. 
Element C is located at the center plane. 

Element A—Element A will freeze immediately after pouring 
unless the mold is covered with a heavy coating or unless the degree 
of superheat is unreasonably high. After solidification of Element A 
and possibly of immediately adjacent elements, the mold will expand 
and the ingot contract; consequently an air gap between ingot and 





*In the NDRC Report on which this publication is based, the word isotemp had been 
used. However, in the literature the term isochron has been mentioned, and in order not 
to confuse by different terms, the word isochron is adopted in this paper. 
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mold is formed. This air gap offers considerable resistance to heat 
flow and thus the temperature of Element A may, after a short time, 
rise again. Schematically this is indicated in Fig. 2 which represents . 
a temperature-time curve for Element A. 

It is even conceivable that Element A could experience oscillating 
temperatures so that the surface would “breathe”. The underlying 
idea is that upon contact between steel and mold the temperature of 


0 
° o 
* | 


i Las 


ingot 


Oo 


uJ 
Fig. 1—Position of 
Elements in Ingot. 
the steel drops, the steel contracts, and an air gap is formed. The 
air gap is bounded on one side by the mold and on the other by a thin 
shell containing the as yet liquid steel. The subsequent temperature 
rise breaks the thin solidified skin of the ingot; the liquid flows out to 
the mold wall so that the air gap vanishes again. When the tempera- 
ture has dropped further a new air gap is formed, etc. 


ir 


Forms 


Q 
5 
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LA 


Temp. 


Time 
Fig. 2—Temperature- 
Time Curve for Element A 
(at Mold Ingot Interface). 

It should be noted that this is mentioned as a possibility, and 
that as yet no experiments have been carried out to substantiate this 
theory. However, such breathing would be entirely in line with what 
appears to be happening at the surface. 

Element B—Fig. 3a represents schematically the energy balance 
for Element B. The element receives heat from elements located 
nearer the center of the ingot and from the exothermic heat of solidifi- 
cation. The heat expenditure is entirely in the heat flowing toward 
the outside. Similar energy balances occur for any elements located 
between those marked A and C. 
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Element C—Fig. 3b represents the energy balance for this 
element. The only heat income is that from the exothermic heat of 
solidification ; the only heat expenditure consists of the heat flowing 
to the next element. 

Provided that all elements have the same size, then the following 
statements can be made: 


(a) Depending on the superheat, a certain time will elapse before 
any of the inside elements (B) start to solidify. 

(b) The closer an Element B is to the center plane of the ingot, 
the smaller the stream marked “from elements nearer to the center 
plane” (Fig. 3a) will be for this element at any one time. 


From elements nearer 
to the center plane 
of Ingot 


/ N/ 


Heat of Fusion To elements nearer to 
of Element Ingot-Mold Interface 


Fig. 3a. 


GN to tae 
f- a 


Heat of Fusion To elements nearer tu 
Ingot- Mold Interface 


Fig. 3b. 


Fig. 3a—Energy Balance for Element B 
(Midway Between Center and Surface of Ingot). 


Fig. 3b—Energy Balance for Element C 
(Center of Ingot). 


Mold—tThe mold is initially at room temperature. After the 
molten steel is poured the temperature of the mold will rise, and, 
of course, the farther away an element of the mold is from the inter- 
face, the later will the rise occur. The interface and the element close 
to it may first rise quickly and then drop again by the “breathing” 
process described above for the ingot. Eventually all parts of the 
mold will heat up, and after sufficient time has passed will drop again, 
this time along with the ingot. In practice the ingot will probably be 
stripped before the mold temperatures start to decrease in the final 
temperature drop. Fig. 4 shows schematically temperature-time 
curves for different parts of the mold. 

Introduction of Finite Mold Size—So far it has been assumed 
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that the rectangular ingot is of finite thickness but infinite in both 
other directions. Actually the ingot is of course finite in all three 
directions, and therefore the rates of solidification near top and 
bottom are different from those at midheight. Solidification is more 
rapid near the bottom unless special and not conventional means are 
employed to delay solidification at this place. Solidification would 
also be accelerated near the top if no hot top were employed to cut 







Mold surface facing Ingot 


7 Temperatures inside the mold wall 


e3-4H 


Temperature 


Fig. 4—Temperature-Time Curves for Mold. 


down the rate of heat losses toward the top. Any element directly in 
contact with the surface of the mold bottom or with the covering in 
the hot top will act initially like Element A, described above. How- 
ever, because the steel rests on the bottom it cannot shrink away from 
the mold as it does on the sides, and thus no air gap will form at the 
bottom. It is believed that the covering in the hot top will follow 
the metal and that therefore no air gap is formed at the top either. 
Hence the “breathing” of the surface will not occur at top or bottom 
and the temperature will drop steadily ; the elements will act as those 
described as “Element B”. The rate of heat flow to the outside will 
be increased. From elements at or near the bottom heat will flow in 
part toward the bottom, in part toward the sides. The greater the 
distance of any part from the bottom, the more will it approach the 
behavior of Element A or B, according to the distance from the side 
wall. Similar conditions prevail for elements near the top. 

Finite Pouring Time—Another concept, which has been intro- 
duced above, should be dropped now—that of sudden pouring. 
Several minutes are required to fill the mold with steel. With top 
pouring, the flow of steel should be directed in such a way that it will 
not strike the side walls of the mold. In bottom pouring, the steel 
wells up in the mold and in that way immediately contacts the side 
walls of the latter. In either case there will be heat flow in the mold 
wall before the entire mold is filled. The heat flow will be parallel 
to the axis of the mold as well as perpendicular to it. The elements 
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of the steel which come in contact with the mold toward the end of 
the pouring time will find a mold wall which is warmer than when 
the first elements of the steel strike the mold. 

Finally it should be pointed out that quite often the molds are 
preheated. Such preheating usually does not result in uniform 
temperature over the entire thickness of the mold. Depending on the 
methods of preheating, the outside or the inside surface of even the 
midthickness of the mold may be the point of highest temperature. 


REVIEW OF MATHEMATICAL SOLUTIONS 


All mathematical solutions which have come to the attention of 
the author are based on the assumption of sudden solidification: the 
range of solidification is replaced by one single temperature at which 
the metal is assumed to freeze as if it had a eutectic point. In the 
mathematical solutions published so far, it is assumed that the entire 
heat of solidification is given off at this temperature, thus maintaining 
the temperature constant for some time. 

Beyond this basic assumption various authors make additional 
assumptions. It appears that three methods of mathematical approach 
have been developed, namely those by Schwarz (1),? by Saito (2), 
and by Roth (3). All other authors base their work on those three 
fundamental investigations. Exception may be made for the work 
by Feild (4), who does not offer any mathematical deduction or proof 
for his well-known formula. 

Schwarz assumes that the ingot as well as the mold are infinitely 
thick. In the first part of his paper he assumes that there is no air gap. 
In the second part he uses an approximate method in which the air gap 
is considered, but it is assumed that liquid and solid steel have the 
same properties. 

Saito (5), and later Lightfoot (6) in a more accessible publica- 
tion, base their work on the assumption that the properties of mold 
and steel, liquid and solid, are identical. Several cases are investigated : 
one case assumes that mold and ingot are both infinitely thick, and 
the other assumes that the ingot is of finite thickness, facing a sur- 
rounding of constant temperature. 

Roth used a step method and based his work on the assumption 
that the entire liquid metal is at one constant temperature throughout, 
thus neglecting any temperature gradient in the liquid. Both authors 


‘The figures appearing in parentheses pertain to the references appended to this paper. 
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neglect the influence of the air gap and assume that the steel is in 
continuous, complete and perfect contact with the mold. 

In a publication by Tageev and Gulyaev (7), use is made of the 
Feild formula, and of charts similar to the Gurney-Lurie charts (8), 
but in the form used by Groeber (9). However, Tageev and Gulyaev 
do not offer mathematical deductions for their conclusions. 

In view of the sweeping assumptions necessary for mathematical 
solutions, it is not to be expected that observed freezing times neces- 
sarily coincide with calculated values. 


Evectric ANALOGY METHOD 

The study of heat flow by means of electric analogy has been 
previously described (10). It is sufficient to state here that the 
method is based on the setting up of an electric circuit representing 
the body in which heat flow occurs. On this electric circuit measure- 
ments are carried out which are later translated into heat terms. The 
obvious advantage of this method is the elimination of the costly and 
difficult bleeding experiments on ingots and the destruction of the 
ingot when taking samples from the inside. An advantage over the 
mathematical solutions discussed previously is that a number of 
sweeping assumptions made in the mathematical analogies may be 
dropped. First, the finite thickness of ingot and mold can be taken 
into consideration, and secondly the assumption of sudden solidifica- 
tion for steel need not be maintained. The experimental technique 
is described in Appendix I. It may be pointed out here that this 
method has been proved time and again to give correct results when 
compared with actual thermal experiments, or with calculations. 
Reference is made to various publications discussing such com- 
parison (11). 


EXPERIMENTS ON THE SOLIDIFICATION OF INGOTS BY THE 
ELectric ANALOGY METHOD 


Problems—Three problems have been investigated : 


(a) The influence of the material of the bottom on cooling, com- 
paring a cast iron bottom with a carbon insert. 

(b) The solidification at midheight of the ingot. 

(c) A comparison of two hot tops. 


The bottom material and solidification at midheight were analyzed 
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for a round as well as for a rectangular ingot, whereas the hot top 
problem was analyzed only for a round ingot. 

Approach—As indicated in the heading, all experiments were 
carried out by the electric analogy method. The rectangular ingot 
represents a problem of three-dimensional heat flow. Thinking of the 
vertical axis of the ingot as the x axis of a rectangular system of co- 
ordinates, the other two axes (y and z) can be arranged so as to be 
parallel with the sides of the ingot. Inasmuch as the present electric 
equipment lends itself only to the study of one and two-dimensional 
problems, an approximation was made by investigating three different 
two-dimensional problems and combining the results proportionately. 
The three problems may be characterized by the three planes, xy, yz, 
and xz, for each of which the isochrons were determined, under the 
assumption that ingot and mold surface were infinite in the direction 
of the third axis (z, x and y respectively). The method of combining 
the sets of three two-dimensional tests is explained in Appendix II. 

Properties and Simplifications—Various experiments were car- 
ried out : experiment numbers in relation to a description of prevailing 
conditions are listed in Table I. 


Table I 
List of Experiments 


Material of Bottom and Solidification in Midheight of Ingot 
Cotes Ingot 
-1 


Exp. Cast Iron Bottom 
Exp. A-2 Carbon Bottom 

Rectangular Ingot 
Exp. Cl-1 Cast Iron Bottom y-y axis 
Exp. C1-2 Cast Iron Bottom Ingot X-x axis 
Exp. C1-3 Cast Iron Bottom Infinite z-z axis 
Exp. C2-1 Carbon Bottom In y-y axis 
Exp. C2-2 Carbon Bottom X-x axis 

Investigation of Hot Top 

Cylindrical Ingot 
Exp. A-3 Straight Hot Top 
Exp. A-4 Inclined Hot Top 


Properties—Properties of the steel and the mold were prescribed 
by Mr. Spretnak of Carnegie Institute of Technology, who was 
working on the metallurgical aspect of solidification. The properties 
were selected as shown in Table II. 

The values of resistance to heat flow from the outside mold 
surface to the surroundings were selected on the basis of preliminary 
experiments. The resistance to heat flow per unit area and unit 
temperature difference is the reciprocal of the boundary conductance. 
The boundary conductances are listed in Table III for the various 
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Table II 
List of Properties 
INGOT 
TE CIITA oc os ccc cece ti vcenenseebswes 9.2 Btu/ft,hr,F 
Cae | Pree err ter 18.4 Btu/ft,hr,F 
Ey ED is 655s oo v0.3 cc one babns pOebs ace eeE 0.180 Btu/lb,F 
SE 2a gat Bids 's 5 baled Chin dW 40 Ronee Si ie 0.144 Btu/lb,F 
IE Bags Sk od og Vdc koe ehe Re wake hong ks daa Os ie 449.5 Ib/cu ft 
SOME cccccescccrccccecsverceereccesseetcsessese 467.0 lb/cu ft 
TY SE OP aan eo hs E's 4. ule ge-b © b'¥.0.0 0.0 siete ate Glee 126.1 Btu/lb 
MOLD 
RIO, 555. « an w Glades k's adie b eek ee whe 21.8 Btu/ft,hr,F 
een twine ea dun bode guise Sm oherich one ke een 0.152 Btu/lb,F 
ae ea ae ay» 6s 6m, 0,.0:0 es Wid # Wik beg ie ae Ree 453.0 lb/cu ft 
abe care dena t tEee Oh ace se ONES hw Ce NERD ME Oe REENS 2845 F 
i SC i va his CE Adige oP Ed s 64k we wae ss eben 2700 F 
MN a I. eee es Sawde no os wi Owes a ewe we eee oe 2650 F 
ee it ne we eas aE alee Uae Alege ae wid a 4's 0d ka 6 a bkis AMER RO 2600 F 
Preheat Temperature of mold, carbon, refractory .............-.eeeeeeees 250 F 
I ok hrs whic aaducedQemiswudes (kW cewdSiaesameleases 70 F 


experiments, and are different for sides, bottom and top, because of 
the different surface temperatures prevailing at those points. 

It has been explained above, that after the ingot shrinks away 
from the mold, an air gap is formed, which represents an appreciable 
barrier to heat flow. Heat exchange across the air gap takes place 
by conduction and radiation. In the present experiments only the 
latter mode of heat transfer has been considered, the conduction 
component being neglected. The radiation component is independent 
of the width of the air gap, whereas the amount of heat exchanged by 
conduction is inversely proportional to the air gap ‘width. There 
seems little doubt that the air gap is so narrow that convection cur- 
rents can be neglected. The relative importance of conduction has 
been studied by C. Schwarz (1). He proves that heat transfer by 
conduction amounts to only 20% of that by radiation, even with very 
small air gaps. With larger air gaps the resistance to heat flow by 





Table Ill 
Boundary Conductances 
ROUND INGOT RECTANGULAR INGOT 
Boundary Conductance Boundary Conductance 

Exp. in Btu/sq ft,hr,F Exp. in Btu/sq ft,hr,F 
Al Side 7.14 Cl1-1 Side 9.45 
Bottom 8.37 Bottom 8.37 
A2 Side 7.14 C1-2 Side 9.45 
Bottom 4.18 Bottom 8.37 
A3 Side 6.02 C1-3 Side 9.45 
Top 8.37 C2-1 Side 9.45 
A4 Side 3.1 Bottom 4.18 
Top 8.37 C2-2 Side 9.45 


Bottom 4.18 
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conduction increases but that to heat flow by radiation remains un- 
changed, and therefore the importance of conduction becomes relatively 
smaller. Inasmuch as the mold forms a complete envelope for the 
ingot, the radiation can be considered to be black body radiation. 
Black body radiation may be expressed by the following equation: 


Q.=0.173¢ | (= =) — (“= wt) |= +0:173 8 (et) 


Here the following notations are used: 


Q, Heat transferred by radiation (across the air gap) where t: and ts are 
the interface temperatures of the ingot and mold respectively in F. 


T: Temperature in degrees Rankine (T:=t: + 460) (Ingot side surface 
of air gap) 


Ts Degrese Fahrenheit + 460) (T:=ts+ 460) (Mold side surface of 


r gap) 
€ Emissivity (Black body radiation; hence e = 1) 
0.173 Radiation constant 
A Area of heat transmission 


_ (ios) = Gin) Ga) — Gs) 


The values = re ii temperature a therefore it might be 
expected at first that it would be necessary to change the values during 
the experiment. However, it turns out that the increase of the mold 
surface temperature and the decrease of the ingot surface temperature 
tend to balance each other, so that the values of = occurring during 
solidification change but little and that therefore it is possible to work 
with a constant value of = for each experiment. 

For one specific experiment, namely Cl-1, the values of the 
temperatures of both surfaces of the air gap together with the values = 
are listed in Table IV for the entire time of solidification. 





Table IV 
Air Gap Temperatures and Values = 
Exp. C1-1 : 

Time, Min. Mold Side Temp., F Ingot Side Temp., F = 
0 1030 1980 325 
6 1080 1920 349 

12 1180 2000 358 
18 1210 1880 336 
24 1240 1830 327 
30 1280 1830 332 
36 1310 1806 335 
42 1330 1770 330 
48 1360 1760 330 
54 1380 1750 336 
69 1390 1730 332 
66 1400 1720 332 
72 1400 1695 325 
78 1400 1673 322 
84 1410 1658 320 


2 
Average i 330.6 
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Fig. 5—Dimensions of Cylindrical Ingot: a—With 
Cast Iron Bottom, Straight Hot Top; b—With Carbon 
Bottom (Top Not Shown Because Gashanest as in a); 
c—Inclined Hot Top. F.B. = Firebrick; C = Carbon; 
C.I.= Cast Iron. 


- 


This table may serve as proof for the justification to work with 
constant = values. The values of = were determined in preliminary 
experiments and were selected as follows: 
Cylindrical mold (Exp. Al through A4) #2 = 330 
Hot top for cylindrical mold (Exp. A3) & = 1000 
Hot top for cylindrical mold (Exp. A4) = 979 
Rectangular mold (Exp. Cl and C2) = 471 
Dimensions—The dimensions of the ingots, molds and hot tops 
are shown in Figs. 5 and 6. Fig. 5 holds for the cylindrical, Fig. 6 
for the rectangular ingot. In Fig. 5a the cast iron bottom, the entire 
ingot and the straight hot top are shown; Fig. 5b is a picture of the 
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carbon insert; the top of ingot and mold are not changed as against 
Fig. 5a and therefore not shown. Fig. 5c is the inclined hot top, 
replacing the straight hot top of Fig. 5a. Fig. 6a shows the cross 
section through the rectangular ingot with cast iron bottom, and 
Fig. 6b the corresponding carbon insert. Only the lower part of the 
rectangular ingot is shown, because only the latter has been tested. 


Ou 
l 






16.75" 15.25" 


Fig. 6—Dimensions of Rectangular Ingot: 
a—With Cast Iron Bottom; b—With Carbon 
Bottom. Only the lower part of the ingot up to 
a total height of 35 inches is shown; no heat flow 
vertically through the 35-inch level. C.I. = Cast 
Iron; C = Carbon. 


Simplifications—The following assumptions and simplifications 
had to be made, in order to solve the problem by the electric analogy 
method : 


(a) Instead of the steady change of diameter or cross section, 
a change in steps was introduced as demonstrated in Fig. 7. It was 
assumed that in each step heat flowed only perpendicularly to the 
axis, not in the direction of the axis. This holds true for all steps on 
the sides but not for those on the bottom, where heat flow in both 
directions was introduced. 

(b) Air gap time was assumed to be constant and equal to 2 
minutes. The air gap resistance was constant and the = values on 
which it was based are shown above. 

(c) The pouring time was neglected. It was assumed that at 
time zero the entire mold is filled with steel at its pouring temperature. 

(d) It was assumed that the mold was at a uniform temperature 
of 250 F at the beginning of mold-steel contact. 
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assumed 
contour 


No heat flow 
through this 
horizontal area 


Fig. 7—Explanation of Using 
Steps Instead of an Incline. 


(e) It was assumed that the properties are constant over the 
range of superheat, and that a second set of properties is constant 
over the entire range of “solid” temperatures. In other words, the 
properties were assumed to be constant between the pouring tempera- 
ture of 2950 F and the mean of the solidification range, 2650 F. A 
second set of properties was assumed to be constant between the last- 
mentioned temperature and the end of the cooling period. 

(f) It has been assumed that the heat of solidification is liberated 
over the range of solidification, following an exponential curve. This 
assumption simplifies the electric experiments considerably because 
it makes it possible to think of the heat of solidification as a temporary 
increase of specific heat lasting during the drop over the solidifica- 
tion range. 


Experimental Results—All curves presented are isochrons. Two 
complete sets of isochrons were taken: one for 2700 F (liquidus) and 
one for 2600 F (solidus). 

When the experiments were started, it was believed that the 
solidification should be considered accomplished only when the tem- 
perature at the center of the ingot has dropped to the solidus 
(2600 F). While the experiments were progressing, tests on solidifi- 
cation of castings were carried out (llc). The results of the electric 
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analogy tests were compared with bleeding tests of castings. It 
appeared probable that bleeding tests would for any prior time of 
solidification show solidified thicknesses which coincide with the 
predictions from the isochrons for 2700 F (liquidus line), found by 
the electric analogy method. 

This hypothesis was confirmed by bleeding an ingot (12). There- 
fore, the isochrons for 2700 F were determined for all cases dealt 
with in this paper. 

In order to limit the number of curves only the isochrons for 
2700 F are shown, not those for 2600 F. Of the latter only two 
examples (Figs. 8a and 14a) are presented, to offer the reader a 
comparison between the two solidification times.” 


EXPERIMENTS ON Bottom MATERIAL 


Cylindrical Ingot—The isochrons (2700F) for a cast iron 
bottom are shown in Fig. 8, those for a carbon bottom in Fig. 9. The 
isochrons for the cast iron bottom for a temperature of 2600 F are 
shown in Fig. 8a. 

In all three figures it can be seen that the isochrons are practically 
parallel to the side wall from the midplane to a plane approximately 
10 to 15 inches below the midplane. Apparently the nature of the 
bottom does not influence the rate of solidification at the midplane. 

A comparison of Figs. 8 and 9 brings out forcefully the influence 
of the carbon bottom. With no carbon insert (Fig. 8) the solidifica- 
tion 5 inches from the bottom takes 13 minutes (on the axis) ; the 
carbon insert slows that time down to more than 40 minutes. 

A comparison of Figs. 8 and 8a shows the considerable time lag 
between the liquidus and the solidus. For any given position the time 
for reaching the solidus is almost twice as long as that required to 
reach the liquidus. A similar relationship holds for the times shown 
by the isochrons for carbon insert (Fig. 9 for 2700 F; a curve not 
shown in this paper for 2600 F). 

Rectangular Ingot—As explained above, the isochrons for the 
rectangular ingot were found by combining the results of three inde- 
pendent two-dimensional tests. The isochrons are presented for 
different levels (measured in inches from the bottom of the ingot). 
The numbers of the illustrations for the different levels may be seen 
from Table V. 


2Complete curves of isochrons for 2600 F are available for inspection in the Heat and 
Mass Flow Analyzer Laboratory at Columbia University. 
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Fig. 8—lIsochrons Round Ingot, 
Mold Bottom (2700 F). 


The curves for the 35-inch level were measured directly. No 
influence from the nature of the bottom is to be found on this level. 
Therefore no separate curves are shown for the carbon bottom. The 
fact that there is no influence may also be expressed by saying that the 
isochrons in vertical planes are in the neighborhood of the 35-inch 


Table V 


List of Isochrons (2700 F) for Different Levels 
(Rectangular Mold) 


Isochrons (2700 F) for 


Level (Inches Cast Iron Bottom Carbon Bottom 
from Bottom) Shown in Fig. 
5 10 15 
10 11 16 
15 12 17 
25 13 18 


35 14 
Fig. 14a shows the isochrons (2600 F) for the 35-inch level 
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Height, in. 


Height of Ingot, in. 





08 6420 


Radius, in. Radius, in. 
Fig. 8a—Isochrons Round Ingot, Fig. 9—Isochrons Round In- 
Mold Bottom (2600 F). got, Carbon Bottom. 


level, parallel to the sides. Therefore no axial heat flow can occur 
across the 35-inch level. This was also proved by taking the isochrons 
separately for the 42.75-inch level. For similar distances from the 
surface they check well with those of the 35-inch level. The results 
are compared in Fig. 19. In this figure freezing times are plotted as 
ordinates, and distances from the vertical axis (measured in a hori- 
zontal plane) as abscissas. Four curves are shown, holding for 
different angles, 0 degree indicating the x-x axis and 90 degrees the 
y-y axis. The curves show the measured times for the 42.75-inch 
level; the dots are the times found by extrapolation from the values 
measured for the 35-inch level. Obviously measured and extrapolated 
curves check well. The isochrons for the levels other than 35-inch 
were found by interpolation as explained in Appendix II. 

In all the charts the corner effect is very marked. Cooling next 
to the corner takes place to a much greater extent than at the two 
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Fig. 10—Isochrons Rectangular Ingot, 
Mold Bottom, 5-Inch Level. 


Long Side, in. 
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Short Side, in. 


Fig. 11—Isochrons Rectangular Ingot, Mold 
Bottom, 10-Inch Level. 


axes. The influence of the corner decreases, of course, toward the 
center of each side, but is noticeable roughly to a distance of 3 inches 
from the corner. 

It has been suggested that as the solidification progresses toward 
the center (i.e., the vertical axis) the isochrons become more and 
more like circles. Undoubtedly the curves become more and more 
round—but even the last isochron drawn is rather an elliptic curve 
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Fig. 12—Tsochrons Rectangular In- 
got, Mold Bottom, 15-Inch Level. 
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Fig. 13—Isochrons Rectangular Ingot, Mold 
Bottom, 25-Inch Level. 


than a circle. In Fig. 10 the 9.5-minute isochron cuts off 1 inch on 
the short side axis, but 1.8 inches on the long side axis. 

Some Comments on the Solidification Near the Bottom—In the 
electric experiments the incline near the bottom was replaced by 
rectangular steps, as shown in Fig. 7. The sections were so mace as 
to have equal volume with the corresponding part of the incline. 
Reference is made to Fig. 20 where on the left side the surface in 
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Fig. 14—Isochrons Rectangular Ingot, Mold 
Bottom, 35-Inch Level (2700 F). 
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Fig. 14a—Isochrons Rectangular Ingot, Mold 
Bottom, 35-Inch Level (2600 F). 


steps, and on the right side the incline, is shown. The shaded area 
proportional to the volume is equal in both cases. However, the 
surface area of the rectangular step is necessarily larger than that of 
the incline, as is obvious by comparing the circumference (heavy 
lines) of both parts of Fig. 20. A correction for this increased area 
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Fig. 15—Isochrons Rectangular Ingot, Car- 
bon Bottom, 5-Inch Level. 
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Fig. 16—Isochrons Rectangular Ingot, Car- 
bon Bottom, 10-Inch Level. 


could be applied, but this possibility was noticed only after completion 
of the experiments. 

It is therefore to be expected that the solidification times near the 
bottom as shown in the charts are shorter than actual times. How- 
ever, the relative magnitude of freezing times with and without car- 
bon is still correct. 

Cooling at the Midheight—Comments on this aspect are based on 
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Fig. 17—Isochrons Rectangular Ingot, Car- 
bon Bottom, 15-Inch Level. 
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Fig. 18—Isechrons Rectangular Ingot, Car- 
bon Bottom, 25-Inch Level. 


the experimental results described before. No separate experiments 
were required. Complete solidification of the cylindrical ingot 
took 44 minutes (2700 F). The ingot mold ratio (cross sectional 
area of mold/cross sectional area of the ingot) at the center was 
467/294 = 1.59. Compared herewith the rectangular ingot solidified 
in the center (2700 F) 50.3 minutes after pouring. The ingot mold 
ratio at this plane was 138/103 = 1.34. 
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Fig. 19—-Comparison of Measured and Extrapolated Solidi- 
fication Times, 42.75-Inch Level. 
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Fig. 20—Replacement of 
Incline by Steps—Volume and 
Area. 


Hot Top—tThe isochrons (2700 F) for the hot tops are shown 
in Fig. 21 for the straight hot top and Fig. 22 for the inclined hot top. 

As expected, the final freezing of the hot top takes place below 
the top surface, and in the case of the straight hot top (Fig. 21) some- 
what lower than for the inclined hot top (Fig. 22) the highest 
isochron is for 85 minutes and embraces the 10-inch level (Fig. 21) 
as compared with the 7.5-inch level (Fig. 22). The complete solidi- 
fication may require approximately 90 minutes. It is important to 
note that for both kinds of hot tops the isochrons in their lower part 
run parallel to the axis; with neither design is there a danger of 
bridging. 
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The 2600F isochrons (solidus line) are entirely different in 
curvature. The ratio of solidification times is again approximately 
in the order of magnitude of 1 :2. 

In considering the hot top isochrons it should be kept in mind 
that as the steel within the mold shrinks, steel is drawn from the hot 
top, resulting possibly in a different shape of the top surface, which 
in turn might influence the cooling. In view of the limited heat losses 
from the surface, the error by neglecting this possible change of shape 
is probably small. 


FURTHER INVESTIGATION 


It is believed that the study of the thermal phase of the solidifica- 
tion of ingots is a promising approach to the entire question of steel 
solidification. Among the items which should be investigated, the 
following seem in part controversial: (a) Is the freezing completed 
when the temperature of the steel reaches the liquidus line or the 
solidus line? The experiments carried out so far seem to prove that 
bleeding experiments check with heat flow studies by the electric 
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analogy method, if solidification is assumed to occur at the liquidus 
line. 

(b) Is the assumption of exponential liberation of the heat of 
fusion correct, or should another assumption be made? 

(c) Time of formation of the air gap. Work on the solidification 
of castings seems to show that the time of formation of the air gap 
increases with the thickness of the steel. For small castings, cast 
against a chill and backed up by sand, a tentative rule has been set 
up which may be expressed by the formula: 

AT = 2.25 L’ sec. 

L= thickness of steel in inches. AT= Time of formation of air gap. 
This formula apparently does not apply to the air gap time in 
larger ingots. In the experiments mentioned in this report, an 
air gap time of 2 minutes was used. Based on the formula, an air gap 
time of 10 minutes for the round ingot, and of 8 to 9 minutes for the 
rectangular ingot, would be required. The formation of the air gap 
apparently changes the temperature drop in the steel very markedly, 
and therefore it is perhaps possible to determine the air gap time by 
correlating the temperature-time studies in actual experiments with 
the results by electrical analysis. On the other side, for large ingots 
as considered in this report, a difference between 2 and 10 minutes 
would probably not be significant. 

(d) The influence of superheat in the solidification time appears 
to be very marked in the case of castings cast against sand. State- 
ments in literature, that superheat has no influence on solidification 
time when casting an ingot in a cast iron mold, appear to lack proof 
from a thermal viewpoint. The influence may be small but neces- 
sarily exists in order to maintain the law of conservation of energy. 

(e) The question of ingot-mold ratio has not been solved satis- 
factorily. It is recognized that the mold thickness depends on other 
items besides the desired solidification time. However, the knowledge 
of the influence of the ingot-mold ratio on solidification time would 
help to make a correct decision in selecting mold size. 

(f) The influence of the bottom and of various forms of hot top 
are also not yet solved systematically. 
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Appendix I 


The experimental technique applied to solidification experiments 
can be explained by using Figs. 23 and 24. It should be remembered 
that the method involves the “lumping procedure’. This means that 
the body is thought of as divided into individual sections or lumps. 
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Fig. 23—Wiring Diagram—One Section. 





Fig. 24—Wiring Diagram—Exp. C1-1. 


Fig. 21 shows an element of the circuit, comprising a section or lump 
of a large ingot (no end effects) next to the ingot-mold interface and 
an adjacent lump of the mold. 

In the drawing, subscripts I are used for all elements representing 
the ingot, subscripts M for all elements representing the mold, and 
subscripts A to elements representing the air gap. 

For the one ingot section four resistors are used, two marked 
Ryg and two marked Ry. The former represent the resistance of the 
solid steel to heat flow to the left and to the right of the center of the 
section. As long as the steel is liquid the conductivity is lower. The 
resistance accordingly is higher. The additional resistances are 





142 TRANSACTIONS OF THE A. S. M. Vol. 38 


indicated by Ry. Similarly the thermal capacitance of the section is 
| represented by two capacitors, Cy, and Cys, the latter representing 
the heat storage capacity of the solid steel, whereas Cy, is equivalent 
to the difference between liquid and solid capacity. 

The capacitor Cyp when loaded represents the heat of solidifica- 
tion. Each of the resistors Ry represents one half of the thermal 
resistance of the mold section; and Cy the capacitance of the mold 
section. Rg, finally, is the equivalent of the thermal resistance of the 
air gap. 

The procedure, now, is as follows: At the beginning of the 
experiment capacitors Cy, and Cys are loaded at a voltage equivalent 
to the pouring temperature of the steel, capacitor Cip is loaded at a 
voltage equivalent to the upper limit of the solidification range 
(solidus line) and capacitor Cy at a voltage equivalent to the preheat 
temperature of the mold. Switches B, are open, thus providing a 
large resistance (Ry, and Rjs in series), because the thermal con- 
| ductivity of the liquid steel is low. Switch S;, is closed, thus 
| providing for large specific heat (in liquid state). Switches S,, Sy and 
Si, are open. 

At the start of the experiment, switch Sy is closed, thus con- 
necting the “ingot circuit” with the “mold circuit”. The ingot is 
poured suddenly ; i.e., the time required for filling the mold (closing 
the switch) is assumed to be zero. After a predetermined time 
(2 minutes) the air gap forms and switch S, is opened, .thus intro- 
) ducing the air gap resistance. 

The voltage drop at point 0 is observed, and when the voltage 
(temperature) of point O has dropped to the value equivalent to the 
| liquidus, switch S;, is closed, thus introducing the heat of fusion. 
| The rate of voltage (temperature) drop is slowed down by this 

additional heat capacity. When the voltage (temperature) has 
dropped to the middle of the solidification range (2650 F), switches 
S; are closed, thus bringing the resistance down to the value prevailing 
in “solid state”; and switch S;, is opened in order to bring the 
capacitance to the value of the solid state. These changes result in 
an increased rate of temperature drop. As soon as the voltage (tem- 
perature) reaches the lower limit of the solidification range, switch 
Si, is opened again; no additional heat comes from the solidification 
procedure. 

The arrangement as shown in Fig. 23 is repeated in the different 
sections or lumps of the circuit, except that the air gap resistance Ry 
and the correspondent S, switch are of course used only at the inter- 


oO EE comm 





1947 INGOT SOLIDIFICATION 143 


face between ingot and mold. Fig. 24 shows the circuit as used for 
Exp. Cl-3. In the figure each section is represented only by one 
capacitor and two resistors (one on either side of the capacitor). In 
Fig. 23 are shown the additional resistors and capacitors required 
for representing “change of properties”; in Fig. 24 they have been 
left out for clarity. Subscripts x and y indicate resistors for direction 
x and y. Each “ingot resistor” in Fig. 24, both of the “x” and “y” 


type, stands for a pair, one each for solid and liquid, as explained 
in Fig. 23. 


Appendix II 


METHOD OF INTERPOLATION 


(a) The general idea underlying the method is that the isochrons 
shown in Figs. 14 and 14a repeat on each level with only two modi- 
fications: first, the times assigned to each line are lower on lower 
levels; and second, because of the decreasing width and thickness of 
the ingot the geometry on each level must be slightly changed. 

(b) The procedure will be explained in one example, referring 
to the “60-minute” curve, Fig. 14a. 

The 60-minute curve intersects with the short side 3.42 inches 
from the center (point A). Fig. 25 shows two isochrons for the 
two-dimensional experiment (x-z axis) and Fig. 26 several isochrons 
for the two-dimensional experiment (y-z) axis. Fig. 25 reads, for a 
distance 3.42 inches from the center, a freezing time of 93.8 minutes 
on the 35-inch level. For the 15-inch level the distance is modified 
as explained below; the corresponding distance is 3.18 inches and for 
this distance Fig. 25 reads 75.6 minutes. Based on the calculations 
for point A the curve holding for 60 minutes on the 35-inch level 

75.6 


would be called < 60 = 48 minutes on the 15-inch level. 
94.1 


The same point has the distance “zero” from the center measured 
on the long side. 
Fig. 26 reads for the center a freezing time of 201 minutes on the 
35-inch level and 137 minutes on the 15-inch level. 
The fictitious chart, based on the long side, would therefore show 
137 
in the place of the 60-minute curves a curve for 60 —- = 40.8 minutes. 


201 
In the further calculations the mean of 48 and 40.8 — 44.4 


minutes is introduced. 
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Fig. 25—Freezing Lines, End of Freeze, 2600 F, 
Rectangular Ingot, Mold Bottom, 35-Inch and 15- 
Inch Levels, Short Side, C1-2. 


A similar procedure is applied to point B, located at the inter- 
section of the “60-minute” curve (Fig. 14a), with the diagonal. On 
the 35-inch level the distances from the center are 2.9 inches (long 
side) and 2.5 inches (short side) respectively, the times are 46 and 
46.2 minutes and the mean is 46.1 minutes. 

Finally the same procedure is applied to the intersection of the 
60-minute curve with the short side (point 6). The mean value 
is 44.3 minutes. 

Now the average of the three times is taken: 44.4 + 46.1 + 
44.3/3 = 44.9 minutes. This is the time assigned to the new curve 
on the 15-inch level. 

The position of the curve is found as follows: For each level 
all dimensions are reduced in proportion to the total length on the 
35-inch level to that on the new level. This will be made clear by the 
example referring to the 60-minute curve mentioned above. 

The short side on the 35-inch level is 9.4 inches long, on the 
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Fig. 26—Rectangular Ingot Freezing Line for 
Various Levels, C1-1 Long Side, Mold Bottom, End of 
Freeze 2600 F. 


15-inch level only 8.75 inches. The correction ratio is therefore 
8.75/9.40 = 0.931. 

The long side on the 35-inch level is 10.90 inches long, on the 
15-inch level only 10.26 inches. The correction ratio is therefore 
10.26/10.90 = 0.941. 

The 60-minute curve (Fig. 14a) intersects the short side at 
3.44 inches, on the 35-inch level. Consequently on the 15-inch level 
it intersects at 3.44 « 0.931 = 3.2 inches. 

The 60-minute curve intersects the long side at 4.6 inches on the 
35-inch level. Consequently on the 15-inch level it intersects at 
4.6 X 0.941 = 4.32 inches. 


hy Mes 


‘ 
i 
; 
; 
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On the 35-inch level the 60-minute curve intersects the diagonal 
at 2.9 inches measured on the long side and at 2.5 inches on the short 
side. On the 15-inch level the corresponding figures are 2.9 « 0.941 
= 2.73 for the long side, and 2.5 & 0.931 — 2.33 for the short side. 

With three points given and the trend of the curve clearly 
discernible it was possible to draw the curves. 

(c) The times for the curves thus obtained are not round figures 
but rather, as the example shows, round numbers plus a fraction 
(e.g., 44.9 minutes). In order to obtain the round figures shown in 
Figs. 10 to 18, cross curves were drawn, plotting times against dis- 
tance. Fig. 25 is an example of a set Of such cross curves, drawn for 
the 15-inch level, and of freezing (2600 F). 

(d) Before starting on this procedure it was determined that 
taking only three points on the time curves (35-inch level), namely, 
on both axes and on the diagonal, is sufficient. For this purpose the 
times as shown in (b) were calculated for several angles, namely 0, 
20, 40, 60 and 90 degrees for the 42.75-inch level. See Table VI. 


Table VI 


End of Freeze (2600 F) 
Times Calculated for the 42.75-Inch Level 


(All Times are Minutes) 


Times on Times on 42.75-Inch Level Calculated for Following: 

35” Level 0° 20° 40° 60° 90° 
70 72.1 72.1 72.2 72.2 72.0 
60 62.3 62.2 62.5 62.3 62.0 
40 41.6 41.7 41.7 41.8 41.8 
30 31.3 31.6 31.7 31.7 31.9 
20 21.2 21.1 21.2 21.9 22.3 
10 11.08 11.49 11.05 11.9 12.17 


The table shows that the values are all close together except the 
10-minute value of 90 degrees which is almost 10% different from the 
O degree value. Compared with the mean value for the 10-minute 
curve (11.54) the maximum is 5% off, which seems acceptable. 
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DISCUSSION 


Written Discussion: By K. L. Fetters, special metallurgical engineer, 
The Youngstown Sheet and Tube Co., Youngstown, Ohio. 

This paper represents a much needed contribution to the science of 
solidification of ingots, and although there appear to be minor differences 
between the curves predicted by the analog method and the experimental 
data they furnish a sound basis for ingot design and an explanation for 
some of the solidification characteristics that may be observed. 

Up to the present time, ingot design has been based on a number 
of empirical rules and considerations, such as: size ingot desired to “cut 
out” to desired product multiples; size of ingot that may be heated in 
soaking pits; radii and general shape to minimize cracks; taper and design 
to minimize pipe in ingot; etc. With a thorough application of the pres- 
ent data and that which may be expected from additional studies that will 
likely be made in follow-up of this work, it should be possible to set up a 
sound technical basis for ingot design that would be expected to be re- 
flected in better ingot yields and improved quality of product. 


Author’s Reply 


The author appreciates the remarks by Dr. Fetters. He agrees with 
Dr. Fetters that a further investigation of the thermal behavior of ingot 
solidification will result ultimately in better ingots. 
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THE APPARENT INFLUENCE OF GRAIN SIZE ON THE 
HIGH TEMPERATURE PROPERTIES OF 
AUSTENITIC STEELS 


By C. L. CrarKk anp J. W. FREEMAN 


Abstract 


This paper presents results obtained from an investi- 
gation undertaken to determine the effect of variations in 
grain size on the high temperature strength characteristics 
of austenitic steels. Four different steels were considered 
and their relative high temperature properties were evalu- 
ated on the basis of short-time tensile, creep and stress- 
rupture tests at temperatures varying up to 1800F 
(980 C). 

It is shown that too broad generalizations cannot be 
drawn with respect to the influence of grain size variations 
on the high temperature properties. The 18-8 alloy be- 
haves as would be expected in that the coarser grain struc- 
ture 1s superior at the more elevated temperatures with 
the magnitude of the differences, due to grain size, being 
of a relatively low order of magnitude. With the three 
remaining steels, however, the finer grained structures 
were greatly inferior in their high temperature load carry- 
ing ability over certain portions of the temperature range, 
and this is shown to be due to the appearance of an as 
yet “unknown” phase. On the other hand, these finer 
grained steels possessed a much higher hot ductility to 
fracture under the more prolonged fracture times. For 
each of the steels the choice of the proper grain size, there- 
fore, will depend on the proposed operating temperature 
and the relative importance of strength and suitable hot 
ductility to fracture under prolonged time periods. 


HILE the austenitic chromium-nickel steels are generally 
considered as being nonheat-treatable, since in the ordinary 
sense of the word their room temperature mechanical properties can- 
not be greatly varied by the usual heat treatments, their grain size 
can be controlled, under proper conditions. This involves cold work- 
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ing the structure, followed by recrystallization and the desired degree 
of grain growth at the proper temperature. Due to the pronounced 
strain hardening characteristics of these steels, and their high ductility 
in the annealed state, control of grain size by this procedure is com- 
mercially feasible. 

There is at present an increasing tendency on the part of some 
users of the austenitic chromium-nickel seamless tubes to specify a 
fine grain size, one specification requiring that the grain size should 
be 5, or finer, on the basis of the ASTM Grain Size Classification 
Chart, and another, that no grains shall be coarser than 6. The 
desire for this finer grain size was based on service performance of 
18 chromium-8 nickel rather than on laboratory data for at the time 
of the issuance of these specifications little if any design data were 
available concerning the influence of grain size on the high tempera- 
ture properties of these steels. It must be recognized that, as in the 
case of the lower alloyed pearlitic type steels, the treatments employed 
to produce differences in grain size may also introduce other struc- 
tural alterations and these in turn may exert a greater influence on 
the characteristics under consideration than the grain size variation 
itself. This has definitely been found to be true with certain of the 
austenitic steels and for this reason the influence of grain size is re- 
ferred to as apparent. 


STEELS INVESTIGATED 


Recognizing that variations in grain size, with other possible 
accompanying structural alterations, might not exert the same effect 
on the commonly used austenitic steels, four different types were in- 
vestigated and each was considered in at least two different grain size 
conditions. In order to obtain these differences in grain size, proper- 
ly cold-drawn 1l-inch diameter bars of each analysis were annealed 
at temperatures ranging from 1700 to 2250 F (925 to 1230C). The 
chemical composition, heat treatment, grain size, hardness and result- 
ing room temperature physical properties of these steels are given in 
Table I. 

In the given conditions of heat treatment each of the steels has 
very acceptable strength and ductility characteristics at room tem- 
perature and all would meet the requirements of the various specifica- 
tions covering seamless tubes made from these analyses. In general, 
the finer grained structures (normalized) possess the higher strength 
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ing the structure, followed by recrystallization and the desired degree 
of grain growth at the proper temperature. Due to the pronounced 
strain hardening characteristics of these steels, and their high ductility 
in the annealed state, control of grain size by this procedure is com- 
mercially feasible. 

There is at present an increasing tendency on the part of some 
users of the austenitic chromium-nickel seamless tubes to specify a 
fine grain size, one specification requiring that the grain size should 
be 5, or finer, on the basis of the ASTM Grain Size Classification 
Chart, and another, that no grains shall be coarser than 6. The 
desire for this finer grain size was based on service performance of 
18 chromium-8 nickel rather than on laboratory data for at the time 
of the issuance of these specifications little if any design data were 
available concerning the influence of grain size on the high tempera- 
ture properties of these steels. It must be recognized that, as in the 
case of the lower alloyed pearlitic type steels, the treatments employed 
to produce differences in grain size may also introduce other struc- 
tural alterations and these in turn may exert a greater influence on 
the characteristics under consideration than the grain size variation 
itself. This has definitely been found to be true with certain of the 
austenitic steels and for this reason the influence of grain size is re- 
ferred to as apparent. 


STEELS INVESTIGATED 


Recognizing that variations in grain size, with other possible 
accompanying structural alterations, might not exert the same effect 
on the commonly used austenitic steels, four different types were in- 
vestigated and each was considered in at least two different grain size 
conditions. In order to obtain these differences in grain size, proper- 
ly cold-drawn 1l-inch diameter bars of each analysis were annealed 
at temperatures ranging from 1700 to 2250 F (925 to 1230C). The 
chemical composition, heat treatment, grain size, hardness and result- 
ing room temperature physical properties of these steels are given in 
Table I. ; 

In the given conditions of heat treatment each of the steels has 
very acceptable strength and ductility characteristics at room tem- 
perature and all would meet the requirements of the various specifica- 
tions covering seamless tubes made from these analyses. In general, 
the finer grained structures (normalized) possess the higher strength 
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Table I 


Composition, Heat Treatment and Room Temperature Physical Properties 
of Four Austenitic Steels 


A. Chemical Composition 


Type Steel Cc Mn P Ss Si Cr Ni Cb 
18-8 (Q) 0.06 0.50 0.008 0.008 0.61 17.75 9.25 
18-8 (N) 0.056 0.50 0.010 0.015 0.47 18.68 10.21 
18-12 + Cb (9) 0.07 1.68 0.013 0.014 0.55 17.78 12.70 0.88 
18-12 + Cb (N) 0.08 1.72 0.011 0.008 0.58 18.25 12.93 0.88 
25-20 0.11 0.58 0. 0.010 0.75 23.60 20.65 
25-12 0.06 1.55 0.011 0.017 0.42 24.96 13.40 

B. Heat Treatment*, Hardness and Grain Size 

Type Steel - Heat Treatment, Deg. Fahr. Brinell Hardness Grain Size 
18-8 (2 Water enched 2000 137 2/5 
18-8 (N) Normalized 1700 143 ae 
18-12 + Cb (Q1) Water-Quenched 1900 144 4/6 
18-12 + Cb (Q2) Water-Quenched 2250 148 2/4 
18-12 + Cb (N) Normalized 1700 163 g 
25-20 ¢ ; Water-Quenched 2150 143 2/4 
25-20 ¢ Normalized 1700 159 8+ 
25-12 (Q1) Water-Quenched 1900 183 5/7 
25-12 (Q2) Water-Quenched 2200 178 3/5 


C. Room Temperature Physical Properties 
Tensile Yield Stress Payee E tion Reduction 
ength 0.2% Set imit 


Type Steel Str in 2 In. of Area 
18-8 (Q) 85,200 27,900 12,500 61.0 74.0 
18-8 (N) 87,500 33,500 15,500 54.0 75.0 
18-12 + Cb (Ql). 83,350 33,500 12,500 54.0 72.5 
18-12 + Cb (Q2) 81,800 32,000 12,500 54.0 73.0 
18-12 + Cb (N) 91,750 41,500 22,500 46.0 66.0 
25-20 ( : 87,400 36,000 15,000 54.0 76.0 
25-20 ¢ 96,000 50,000 37,500 40.0 63.0 
25-12 £9 98,000 47,500 20,000 40.5 72.7 
25-12 (Q2) 93,600 44,000 22,500 49.5 73.9 


*Bars cold drawn to the desired degree before quenching or normalizing from desig- 
nated temperature. 


and elastic properties with the differences being the smallest with 
18-8 and the greatest with 18-12 + Cb and 25-20. 

Representative microstructures after each of the treatments are 
shown in Fig. 1. The structures shown are of completed creep speci- 
mens since the conditions of the creep tests produced an intergranular 
precipitation and thus permit the grains to be clearly defined. While 
in each of the analyses differences in grain size exist for the different 
treatments, the total variation is not the same for each of the steels. 
The 18-12 + Cb and 25-20 steels exhibit the greatest range of grain 
sizes and the 25-12 the least. A small amount of ferrite was present 
in the 25-12 alloy. | 

High Temperature Physical Properties—The effect of the, varia- 
tions in grain size on the high temperature physical properties of 
each of the four analyses was determined by short-time tensile, stress- 


rupture and creep tests over a range of temperatures of possible com- 
mercial interest. 











Fig. Seneeitive Microstructures Showing Grain Size of Steels In i . 
x 100. MO), 8-8(Q), water-quenched 2000 F. (b)—18-8(N), normalized 1700 F. 
(c)—-25-20(Q), water 2150 F. (d)—25-20(N), normalized 1700F. (e)— 
25-12(Q1), water-q 1900 F. (£)—25-12(Q2), water-quenched 2200 F. 


Short-Time Tensile Properties—The apparent effect of grain 
size on the short-time high temperature tensile properties of 18-8, 
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: Fig oat - - ge Showing A = of as > 
Invest x g)—18- » Water-quenched 4 )—18-12 + 
. water-quenched 2250 F. t-te 12 + Cb (N), normalized 1700 F. 


18-12 + Cb and 25-12 over the range of 1000 to 1800 F (540 to 
980 C) is shown in Figs. 2, 3 and 4; with Fig. 2 giving the tensile 
strength properties, Fig. 3 the yield stress (0.2% set) values and 
Fig. 4 the elongation in 2 inches. 

Insofar as the tensile strength is concerned the variations in 
grain size do not have the same influence on each of the four different 
analyses. For the temperatures considered the coarse-grained 18-8 
is superior to the fine-grained at 1300 to 1500 F (705 to 815C) 
while the two are equal at 1200 F (650C). With 25-20 the coarse- 
grained structure is superior up to 1800 F (980C) but the finer 
grained 25-12 possessed the higher strength up to 1500 F (815C). 
On the other hand, with 18-12 + Cb, the coarse-grained steel is su- 
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Fig. 2—Effect of Grain Size on the High Temperature Tensile 
Strength of Designated Austenitic Steels. 





perior at 1100 F (595C) but grain size has no influence at 1200 
and 1300 F (650 and 705C). Purely on the basis of the short-time 
tensile strength values the differences between the fine and coarse- 
grained steels are in general not of sufficient magnitude to be of much 
commercial interest. The only possible exceptions are 25-20 at 1000 
to 1500 F (540 to 815C) and 25-12 at 1200 and 1300 F (650 and 
705 C). 

The effect of apparent grain size on the yield stress values, Fig. 
3. is more uniform than in the case of the tensile strength. With 
each of the four analyses, the fine-grained structures possess the 
inaximum values over the complete, or at least major portion of the 
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Fig. 3—Effect of Grain Size on the High Temperature Yield 
Stress (0.2% Set) of Designated Austenitic Steels. 
temperature range considered. The differences are a maximum at 
the lower temperatures and are the least pronounced with the 25-12 
analysis. 

The elongation values, Fig. 4, are influenced to a greater degree 
by differences in the grain size than the other characteristics obtained 
from the tensile tests. At all temperatures in excess of 1100 F 
(595C) the finer grained steel possesses a much higher ductility 
than the coarse-grained steels. In fact, the minimum elongation 
values obtained in the fine-grained steel was of the order of 30.0%, 
while with the coarse-grained steels many of the values were of the 
order of 10%. Only in the case of 18-8 were all of the values 30% 
or higher, regardless of grain size. 

Therefore, on the basis of the short-time tensile properties it 
follows that the finer grained ‘steels will possess the higher elastic 
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Elongation in 2 inches, % 





1000 =1100 1200 1300 1400 1500. 1600 {700 1800 
Temperature F 
Fig. 4—Effect of Grain Size on the Short-Time High 
Temperature Ductility of Designated Austenitic Steels. 

values and the greater ductility while in general the differences in the 
tensile strength values are not of sufficient magnitude to be of great 
importance. From this it would follow that the finer grained steels 
would be preferred insofar as these characteristics are concerned. 

Stress-Rupture Characteristics—The results obtained from 
stress-rupture tests on these steels at temperatures of 1000 to 1800 F 
(540 to 980 C) are given in Figs. 5 and 6, with the results of the first 
of these figures being based on a 100,000-hour fracture time, and 
those of the second figure on a 10,000-hour time period. Again two 
different grain sizes are considered for three of the analyses, and 
three for 18-12 + Cb. 

While variations in grain size tend to exert the same influence on 
the rupture strength of each of these analyses the degree of its effect 
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In the case of 18-8, the effect is not too pro- 


nounced but the finer grained structure has the greatest strength at 


varies considerably. 


the lower temperatures while the coarser grained steel is superior at 
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Fig. 6—Effect of Grain Size on the Rupture Strength 
(10,000 Hours) of Designated Austenitic Steels. 





the higher temperatures. The dividing temperature is about 1350 F 
(730 C). 

The behavior of 18-8 in this respect is typical of what should 
be expected on the basis of the various theories which have been 
advanced concerning the plastic deformation of metals. For at tem- 
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peratures below the equicohesive temperature the fine-grained struc- 
ture should be superior while at temperatures above this apparently 
critical temperature the coarse-grained steel would be stronger. 

With the other three analyses, the coarse-grained steels were 
superior over the entire temperature range considered and the differ- 
ences in stress values were of a considerably greater degree of magni- 
tude than those observed with 18-8. In fact, at many of the tem- 
peratures the strength of the coarse-grained steels was- several times 
superior and as will be shown later, these differences are greater than 
can be attributed to variations in grain size alone. 

The effect of apparent grain size on rupture strength of certain 
of the austenitic steels is well illustrated by the behavior of 18-12 
+ Cb. Three different grain sizes were considered and the strength 
at 1300 F (705) progressively decreased as the grain size became 
finer. The fine grain size also possessed the lowest strength at 1100 
and 1200 F (595 and 650C) but the differences between the inter- 
mediate and coarse-grained structures was not pronounced at these 
two temperatures. At 1300 F (705 (C), the corresponding strengths 
for grain sizes of 2/4, 4/6 and 8 were 12,000, 8800 and 2800 psi for 
fracture in 100,000 hours. There is thus a maximum difference of 
over 4 times in strength for the same analysis heat treated to differ- 
ent grain sizes. 

Therefore, from a rupture strength standpoint it is apparent that 
too broad conclusions cannot be drawn concerning the influence of 
apparent grain size. In the case of 18-8, the differences are of rela- 
tively minor importance and other considerations would determine 
the most desirable grain size for a given application. On the other 
hand, if strength at the more elevated temperatures is of primary 
importance, then the 18-12 + Cb, 25-20 and 25-12 should be con- 
sidered only in the coarse-grained condition. 

The rupture test yields information other than the rupture 
strength in that it also shows the hot ductility to fracture for varying 
time periods. This is of commercial importance for it shows the de- 
gree to which a metal will deform in service before actual fracture 
occurs. The ductility to fracture of these steels for a time period 
of approximately 1000 hours is shown in Fig. 7. 

In every case the fine-grained steels have the superior ductility 
values, with their degree of superiority over the coarse-grained steels 
being especially pronounced with all of the steels except 18-8. How- 
ever, even with 18-8, the coarse-grained structure possesses values as 
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Fig. 7—Effect of Grain Size on the Hot Ductility to Fracture 
of Designated Austenitic Steels. 


low as 11% but with the remaining three analyses certain of the 
elongation values are as low as 5%. The coarsest grained 18-12 +- Cb 
steel considered not only had low ductility but was subject to pre- 
mature failure under slow rates of deformation due to stress concen- 
tration brittleness in the fillets of the specimens. 

From this it would follow that on the basis of hot ductility to 
fracture the fine-grained steels are superior but, as previously shown, 
a coarse grain is necessary to impart a high degree of strength. The 
selection of the proper grain size for these analyses will, therefore, 
depend on the relative importance of strength and hot ductility in 
any given application. 

Creep Resistance—While, for most of the applications of austen- 
itic steels at the more elevated temperatures, it is believed the stress- 
rupture characteristics are a more suitable basis for design than the 
creep strength, creep tests were also conducted on these steels at 
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Temperature F 
Fig. 8—Effect of Grain Size on the Creep Strength (0.01% Per 
1000 Hours) of Designated Austenitic Steels. 
temperatures up to 1500 F (815 C) and the results obtained are given 
in Fig. 8. The st:2sses given are those required for a creep rate of 
0.01% per 1000 hours (1.0% per 100,000 hours). 

As in the case of the stress-rupture characteristics, the apparent 
grain size has a marked influence on the creep strength with the 
coarse-grained steels having the higher values in every case, except 
with the intermediate-grained 18-12 + Cb. The magnitude \of the 
difference, however, varies with the temperature and with the type 
steel, being the most pronounced with 18-12 + Cb at 1200 and 
1300 F (650 and 705 C) and with 25-20 at 1000 to 1300 F (540 to 
705 C) inclusive. 
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At certain of the temperatures with these two steels the coarse- 
grained structure is superior by many times to the fine-grained steels. 
Yet with 18-8, the differences, due to grain size variations, are fairly 
constant at each of the temperatures considered and are of the order 
of 600 to 1300 psi. For all temperatures except 1500 F (815 C) this 
amounts to a difference of only from 12 to 21%. 

As an example of the other extreme, 18-12 + Cb at 1200 F 
(650 C) may be considered. The corresponding stresses for grain 
sizes of 2/4, 4/6 and 8 are 6500, 10,000 and 1750 psi. The maxi- 
mum difference is thus nearly 6 times and, as in the case of the rup- 
ture strength, is much greater than can be accounted for by grain 
size variations alone. 

Therefore, insofar as the creep strength is concerned, a coarse 
grain size is required to give the maximum resistance and should 
be specified if strength is of primary importance. The results from 
the creep and rupture tests are thus in agreement in this respect. 


STRUCTURAL STABILITY 


In an attempt to explain the unusual effect of apparent grain size 
on the high temperature strength properties of 18-12 + Cb, 25-20 
and 25-12 samples from the rupture and creep specimens were ex- 
amined microscopically and certain of the completed creep specimens 
were subjected to room temperature tensile and impact tests. 

Insofar as the structural changes were concerned, 18-12 + Cb, 
25-20 and 25-12 all behaved similarly in that heating at the elevated 
temperatures caused a new constituent or phase to appear in the 
fine-graihed steels but not in the coarse-grained materials. This con- 
stituent precipitates in isolated areas at first with the number and 
size of these particles increasing rapidly with increasing temperature. 
This phase etches very rapidly and while its exact identity is not 
known it is believed to be a carbide phase but not sigma. 

This phase has not been found in 18-8, regardless of the grain 
size, nor in coarse-grained 18-12 + Cb, 25-20 or 25-12. All of these 
steels do, however, undergo structural alterations in that carbide pre- 
cipitation occurs in the grain boundaries. It is the appearance of this 
carbide intergranular network, or structural changes which precede 
or accompany this precipitation, which is believed to account for the 
decreased hot ductility of the coarse-grained steels. When the so- 
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called unknown phase appears this intergranular precipitation either 
does not occur or is not as pronounced. 

The appearance and characteristics of the structural changes 
which occurred in the fine and coarse-grained 18-12 + Cb, 25-20 and 
25-12 are illustrated by the microstructures of Fig. 9 which, while 
they are for the 25-20, are also representative of the other two steels. 
Likewise, the structural alterations of the coarse-grained 25-20 are 
typical of those for both the fine and coarse-grained 18-8. 

The appearance of the “unknown” phase is believed to account 
for the marked decrease in the strength of the fine-grained steel. 
This is substantiated by the fact that, (1) pronounced differences, due 
to apparent grain size, exist only at those temperatures at which this 
phase appears, (2) the differences in the strength of the fine and 
coarse-grained steels become greater as the amount of this phase 
increases, and (3) 18-8, which does not develop this phase, behaves 
according to accepted theories with respect to the influence of grain 
size on the creep and rupture strength. 

In order to determine the effect of the appearance of this “un- 
known” phase on room temperature physical properties, tensile and 
impact tests were conducted on the completed creep specimens. The 
changes, due to the conditions of the creep tests, were of the same 
type and order of magnitude for 18-12 + Cb, 25-20 and 25-12 and 
consequently only the results for 25-20 are summarized in Table II. 

The conditions of the creep tests at temperatures up to 1500 F 
(815 C) had little influence on the room temperature strength char- 
acteristics of the fine-grained steels but they did tend to increase 
those of the coarse-grained steels. With both grain sizes the room 
temperature ductility characteristics decreased with the degree of 
decrease tending to increase with increasing temperatures of the 
creep test. The magnitude of the changes in the ductility values are 
of the same order of magnitude for both the coarse and fine-grained 
structures and thus it would follow that the appearance of the “un- 
known” phase has little if any influence on this decreased ductility. 

However, the results from the modified Izod impact tests on the 
completed creep specimens do indicate the finer grained steels to have 
undergone a greater degree of decrease and consequently the appear- 
ance of the unknown phase may be a contributing factor in this re- 
spect. This is substantiated by the corresponding results obtained 
on 18-8, Table III, which show the decrease in the room temperature 
impact resistance, due to the conditions of the creep tests, to be of the 
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Fig. 9— Microstructures of Fine-Grained and Coarse-Grained 25-20 Steels 

reep ‘Testing; X 1000. (a)—25-20(N) after 1200 hours at 1000 F under 

10,000 psi. (b)—25-20(N) after 1480 hours at 1200 F under 5000 psi. (c)—25-20(N 
after 1070 hours at 1500 F under 780 psi. (op 45-200)). after 1055 hours at 1000 


under 25,000 psi. (¢)—25-20(Q) after 1080 hours at 1 


F under 17,500 psi. (f)— 
25-20(Q) after 1005 hours at 1500 F under 1750 psi. 
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Table II 


Effect of Creep Test Conditions on’ the Room Temperature 
Physical Properties of 25 Cr.20 Ni Steel 





‘Creep Test Tensile Yield Stress Proportional Elon a Reduction Izod* 
Temperature Strength 0.2% imit in21In.,% of Area, % Impact 
Fine Grain Size 
Original 96,000 50,000 37,500 40 63 79 
1000 96,500 49,000 27,500 37 62 72 
1200 94,000 46,000 27,500 33 48 35 
1300 95,000 47,000 30,000 29 39 25 
1500 95,000 49,000 30,000 30 40 24 
Coarse Grain Size 
Original 87,400 36,000 10,000 54 76 100 
1000 92,750 43,500 27,000 49 69 97 
1200 101,750 55,500 32,500 31 47 62 
1300 100,000 50,000 30,000 30 44 62 
1500 93,350 38,000 ~ 10,000 37.5 55 62 


*Impact Specimens Smaller than Standard: 0.365 In. Sq. with 0.050-In. V-notch. 





Table Ill 


Effect of Creep Test Conditions on the Room Temperature 
Physical Properties of 18-8 Steel 





Creep Test Tensile Yield Stress Pro — Elon atten Reduction Izod* 
Temperature Strength 0.2% in2In.,% of Area,% Impact 
Fine Grain in 
Original 88,100 33,500 15,000 57 74 100 
1000 91,000 34,500 15,000 52 72 98 
1200 90,000 32,000 16,500 53 70 86 
1300 88,000 31,500 15,000 53 70 89 
1500 89,750 33,000 19,000 52 71 80 
Coarse Grain Size 
Original 82,500 30,500 12,000 61 74 92 
1 85,500 29,000 15,000 67 76 91 
1100 92,500 27,500 15,000 65 70 91 
1200 89,000 27,500 12,500 60 69 91 
1500 92,500 25,000 12,000 60 66 84 


*Impact Specimens Smaller than Standard: 0.365 In. Sq. with 0.050-In. V-notch. 


same order of magnitude for both of the grain sizes considered. As 
has previously been shown, this “unknown” phase does not appear in 
18-8, regardless of the grain size. 


NATURE OF THE UNKNOWN PHASE 


The exact nature of the phase or constituent which forms in 
fine-grained 18-12 + Cb, 25-20 and 25-12 at the higher temperatures 
has not as yet been ascertained. While some believe that it may be 
a complex carbide, or carbide plus nitride, the large amount appear- 
ing in 18-12 + Cb under certain conditions would indicate that it is 
not a carbide, or carbide-rich area, since theoretically the carbon is 
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Fig. 10—Amount of Unknown Constituent Formed in 25-20 Steel in 1300 Hours at 
1500 F After Heati 1 Hour at Indicated Temperatures and Air Cooling; x 100. 
(a)—1650 F. (b)—1750F. (c)—1800 F. (d)—1900 FF. (e)—1950 F. (£)—2000 F. 


removed from solution prior to testing by being combined with the 
. columbium. On the other hand, it cannot be a direct function of the 
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colambium content for it forms just as readily in fine-grained 25-20 
and 25-12. 

In order to obtain further information with respect to the char- 
acteristics of this constituent a series of heating tests were under- 
taken to determine the effect of time and temperature on its appear- 
ance. In one series of tests originally cold-worked specimens of 25- 
20 were heated to temperatures ranging from 1650 to 2150 F (900 
to 1175C), inclusive, held 1 hour, and air-cooled: In another 





. 10 (Continued)—Amount of Unknown Constituent Formed in 25-20 Steel in 
1300 Hours at 1500 F After Heating 1! Hour at Indicated Temperatures and Air Cooling. 
(g) 2100 F. (h) 2150 F. 


series of tests, specimens originally cold-worked and air-cooled after 
1 hour at 1700 F (925(C) were held for varying time periods at a 
range of temperatures. Representative results are shown in the 
microstructures of Figs. 10 and 11. 

The results of the tests in which the normalizing temperature 
was the variable, Fig. 10,-indicate that with 25-20 a treatment of at 
least 2150 F (1175 C) is required to prevent its appearance. This 
temperature, likewise, results in a coarse grain size and on the basis 
of the results from the creep and rupture tests on coarse-grained 25- 
20, it is evident that this constituent does not reappear when heated 
for long periods within the temperature range of 1000 to, 1800 F 
(540 to 980 C). 

These facts suggest the following possibilities as to the structural 
stability differences between fine and coarse-grained 18-12 + Cb, 
25-20 and 25-12: 
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a) 11—Effect of Time and Temperature on the Amount of Unknown Constituent 
Formed in 25-20 Steel Originally Air-Cooled After 1 Hour at 1700 F; X 100. (a)— 
original, (b)—24 hours at 1500 F. (c)—-100 hours at 1500 F. (d)—500 hours at 
1500 F. (e)—1300 hours at 1500 F. (f)—1300 hours at 1300 F. 
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1. This constituent may exist, regardless of grain size, but to 
be distributed differently, as for example, in the grain bound- 
aries of the coarse-grained steels. The low ductility of these 
coarse-grained steels in the rupture tests may be due to this 
cause. 

2. High temperature annealing treatments may change the phase 
equilibrium in a manner which prevents the formation of this 
constituent. 

3. High temperature annealing treatments may destroy nuclei 
which have been set up by the hot or cold deformation. 

4. There is a possibility that the stability of the fully annealed 
coarse-grained steel is much greater due to the sluggishness 
of the reactions. 

Fig. 11 is included primarily to show the effect of time on the 
amount and distribution of the unknown phase. At 1500 F (815 C) 
the amount found increases rapidly as the time is extended from 24 
to 100 hours and at a decreased rate with further increases in time up 
to 1300 hours. For a given time period, such as 1300 hours, the size 
of the particles appears to be a function of temperature, increasing as 
the temperature is raised. 


CoNCLUSIONS 


The results presented clearly show that too broad conclusions 
cannot be drawn with respect to the influence of grain size on the 
high temperature strength properties of austenitic steels. 

Of the four steels considered, 18-8, 18-12 + Cb, 25-20 and 
25-12, only 18-8 behaved in accordance with the accepted theories 
concerning the high temperature behavior of steels and especially the 
influence of grain size on these characteristics. This is true, since 
with 18-8 the coarse-grained structure possesses the higher creep 
strength at temperatures of 1000 F (540C) and above, and the su- 
perior rupture strength at the higher temperatures, but with all of the 
differences being of a relatively low order of magnitude. 

On the other hand with the 18-12 + Cb, 25-20 and 25-12 the 
strength of the coarse-grained steels at certain of the temperatures, 
at least, is very many times stronger than that of the fine-grained 
steels due to the extreme low strength of the fine-grained structure. 
It has further been shown that the low strength of these fine-grained 
steels is due to the appearance of a constituent whose identity has 
not yet been completely established. 
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On the basis of these results, the most desirable grain size for 
any given application will depend on the proposed operating condi- 
tions and the relative importance of strength and ductility. In the 
case of 18-8, even though the coarse grain structure produces the 
slightly higher creep and rupture strength, other considerations might 


justify the use of a fine grain size even when strength is of im- 
portance. 


However, with 18-12 + Cb, 25-20 and 25-12, a coarse grain size 
should be specified if strength is of primary importance but, if good 
hot ductility is required, then a fine grain size should be used. 

As more information is acquired with respect to the characteris- 
tics and nature of the as yet unknown phase it may be possible to so 
adjust the analysis and treatment of 18-12 + Cb, 25-20 and 25-12 
to assure a more suitable combination of strength and ductility at 
elevated temperatures. 


DISCUSSION 


Written Discussion: By G. W. Watts, director of engineering, Standard 
Oil Co., Chicago. 

Austenitic 18-8 and other stainless alloy steels are used extensively in 
refineries for tubing, flanges, valves, vessel linings, vessels, headers, furnace 
castings, etc., where heat resistance is a principal or major consideration. 
Although these steels are among the best, and in many cases actually are the 
best, commercial heat resistant alloys for the high temperature range of re- 
finery operations, failures of such materials are experienced occasionally, and 
these failures are often difficult to explain in the light of existing theories. 
The authors of this paper are to be commended for the work they have done 
and are doing in advancing the metallurgy of such heat resistant alloys. Their 
present paper brings out facts which are important to an ultimate understanding 
of the behavior of the austenitic alloy steels in high temperature service. In 
this connection perhaps it would be instructive to consider briefly the failure 
of a number of cast 18-8 columbium-stabilized alloy steel gate valves. 

These valves were used in our refinery in an application where the tem- 
perature oscillated between 600 and 1050 F (315 and 565C). The atmosphere 
in contact with the valves consisted approximately of 70% hydrogen and 30% 
low molecular weight hydrocarbons. These valves failed after about 8 months’ 
service by developing circumferential as well as longitudinal network-like cracks 
on their interior surfaces. Microscopic examination revealed that a phase 
similar to the unknown phase described by the authors was present in the 
microstructure of the used valves as well as in the coupons originally cast 
with these valves. However, this phase, and the one described by the authors, 
may or may not be identical, and it is not known whether the condition is 
deleterious in certain applications. Hence there is need for much more knowl- 
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Fig. A—Microstructure of the Heat-Affected Parent Metal Adjacent to Gas Weld. 
Pevent’ metal is AISI 321 steel containing 18.67% chromium, 9.60% nickel, 1.26 


megan, 0.07% carbon and 0.60% titanium. Electrolytic 10% sodium cyanide etc 
x t 


edge concerning the character of these phases, and the degree to which they 
influence the properties of some of our supposedly stable austenitic chromium- 
nickel alloys. The research conducted by the authors, and that of other inves- 
tigators presenting papers at this time at the ASM Convention, appears to be 
definitely in the direction of supplying information which we feel certain 
eventually will create a better and more complete understanding of the chro- 
mium-nickel alloys. 

No mention is made by the authors of the possibility that their unknown 
phase may be alpha ferrite. For purposes of comparison, a microstructure is 
shown in Fig. A which represents the heat-affected parent metal adjacent to 
a gas weld made by joining AISI321 (18-8) titanium-stabilized 0.053-inch 
thick alloy steel sheets. The microstructure is a duplex one consisting of 
austenite and a phase which is believed to be high temperature ferrite (delta 
ferrite). Although it is recognized that the ferrite shown in Fig. A formed 
at a temperature of about 2400 F (1315C) and the authors’ unknown phase 
at lower temperatures in the 1000 to 1500 F (540 to 815C) range, it is be- 
lieved that they can be compared on the basis that they are commonly thought 
to be identical because of their similarity in crystalline structure and other 
properties.’ It is to be noted in this connection that titanium, a vigorous fer- 
rite former, is probably responsible for the relatively large amount of ferrite 
present in the Fig. A microstructure which bears some resemblance to that of 
Fig. 9a of the authors’ paper. It is to be further noted we observed that the 


on ce Book of Stainless Steels,” American Society for Metals, Cleveland, Ohio, 
1 » p. 21. 
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ferrite of Fig. A, like the unknown structure described by the authors, etched 
very rapidly, and in this connection it was found that an electrolytic sodium 
cyanide etch was more satisfactory than an electrolytic oxalic acid or an electro- 
lytic chromic acid etch. 

The fact that the 25-12 alloy steel used by the authors was partly ferritic 
before testing may indicate that this alloy, and the others that developed the 
unknown phase when heated in the 1000 to 1500 F (540 to 815C) range, are 
in a zone where austenite and ferrite coexist, and that prolonged heating is 
necessary to produce a state of equilibrium. However, such a hypothesis does 
not account for the described structural stability differences between fine and 
coarse-grained steels. A very small clue to the latter, probably of little im- 
portance, was suggested by the photomicrographs of the authors’ Fig. 10. 
Microstructures a, b, c, d and e thereof seem to indicate that the unknown 
phase has been precipitated generally throughout the austenite grain, showing 
no preference for the grain boundaries, and it is noted that this apparent mode 
of precipitation prevails until a heat treatment temperature of about 2000 F 
(1095 C) is reached. This manner in which the unknown phase is distributed 
in the austenite matrix of the 25-20 alloy steel when it is heat treated for 1 
hour at temperatures below 2000 F (1095C), and held 1300 hours at 1500 F 
(815C), suggests a similarity to the precipitation of carbide from a cold- 
worked austenitic 18-8 alloy steel where instead of carbide appearing in the 
grain boundaries, as it would if the material were fully annealed, it is precipi- 
tated upon the slip planes, and is distributed throughout the austenite grain. 
The microstructure of the authors’ Fig. 10f, representing heat treatment at 
2000 F (1095C), is of special interest, because the unidentified constituent 
does not choose now to precipitate as it did before at lower treating tempera- 
tures, but appears in bands apparently in the direction of working. This is 
significant since it suggests that all the nuclei or heterogeneities, that were 
instrumental in causing the unknown phase to precipitate in a general pattern, 
have disappeared, and only the very persistent inherent nuclei or heterogenei- 
ties, similar to those that are associated with the familiar banding in ordinary 
SAE carbon and low alloy steels, remain to nucleate the unknown phase. It 
is well known that banding in the low alloy SAE steels will often remain even 
when high temperature homogenizing treatments are used. As the treating 
temperature rises, further changes appear to take place, and at 2100 and 2150 F 
(1150 and 1175), the condition responsible for the unknown phase precipi- 
tating in a straight line has been destroyed, and the unknown phase is found only 
in the grain boundaries. The small amount of unknown phase present tends 
to suggest that when nuclei or heterogeneities have been removed, and when 
transformation is restricted to the austenite grain boundaries, the time re- 
quired for beginning of transformation is greatly increased. 

The preceding behavior confirms somewhat the explanation offered by 
the authors that high temperature annealing treatments may destroy nuclei 
which have been set up by hot and cold deformation. The possible relation- 
ship between cold working and the unknown structure becomes more evident 
when one considers the very strong influence cold working exerts on the de- 
composition of what are usually assumed to be stable phases. This is exem- 
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plified by the decomposition of some chromium-nickel austenites to ferrite when 
subjected to cold working at room temperature, and by the experiments of 
Austin and Norris’ who showed that residual strain in certain steels is related 
to susceptibility to graphitization. 

While the nature of the unknown phase awaits further investigations for 
its determination, we agree with the authors that the importance of the un- 
known phase may overwhelm that of the effect of grain size. 

Written Discussion: By W. L. Fleischmann, Turbine Generator Engineer- 
ing Division, General Electric Co., Schenectady, N. Y. 

The authors have written an excellent paper showing that austenitic steels 
are greatly influenced in their creep and rupture behavior at high temperatures 
by grain size and heat treatment. In the conclusion, the statement is made 
that “only one steel, that is 18-8, behaved in accordance with the accepted 
theories concerning the high temperature behavior of steels and especially the 
influence of grain size on these characteristics.” 

The authors’ interpretation of accepted theory is not stated at length in 
their paper and presumably it is always permissible to review the data on their 
own merits. 

The alloy which does not follow the trend of the majority of the steels 
investigated here is 18-8. It behaves in contrast to the other three alloys like 
a solid solution alloy in which precipitation appears, perhaps to a very limited 
extent, in the temperature range between 1200 and 1300 F (650 and 705C). 
According to Fig. 7 of the authors’ paper, a drop in the high temperature 
ductility appears which perhaps can be explained by precipitation. At higher 
temperatures, rediffusion might take place. It would be interesting to learn 
if the authors have made Strauss tests to show what is happening in that 
particular temperature range. 

It is a valuable contribution to prove so conclusively that the so-called 
columbium stabilized type 347 and the other two so-called fully austenitic 
steels are not so stable as it might be assumed, but that an unknown phase 
precipitates. The microstructures of Fig. 9 show that the precipitates in the 
fine-grained material are much coarser. Can one not assume that the high 
temperature properties in the fine-grained materials are decreased by having 
precipitation take place along grain boundaries while in large grains precipita- 
tion takes place along slip planes, thus strengthening the alloy? Perhaps if 
the authors would quote the data which show the effect of time on the fracture 
strain, this point could be clarified. 

From a user’s point of view, it would be interesting to learn if the type 
347 steel can still be considered stabilized or better resistant to intergranular 
corrosion if the steel is exposed to corrosive media after exposure to tempera- 
tures at which the unknown phase precipitates; also, if a difference in corro- 
sion resistance can be detected between the fine-grained, which probably is 
commercially the more common grain size in type 347, and the coarse-grained 
steel. 

Written Discussion: By S. F. Urban, director of research, The Titanium 


Alloy Manufacturing Co., Niagara Falls, N. Y. 


2C. R. Austin and B. S. Norris, “Effect of Small Amounts of Alloying Elements on 
Graphitization of Pure Hypereutectoid Steels,” Transactions, American Society for Metals, 
Vol. 30, 1942, p. 425-457. 
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Drs. Clark and Freeman are again to be complimented on their timely 
paper dealing with the effect of grain size on four commonly used austenitic- 
type stainless steels. Their results, though very enlightening, are a bit dis- 
concerting in the sense that it is difficult to make up one’s mind with respect 
to ductility and maximum strength. This is in no way a criticism but is 
merely an observation that is evident from the fine data. 

The only real question that the writer has on this paper has to do with 
the basis for the reasoning that heat treatments above approximately 1900 F 
(1040 C) involve a water quench, whereas those below require an air quench. 
The writer finds this somewhat disturbing in that his knowledge of processing 
of such steels tells him that they are all water-quenched beyond a certain 
maximum section and are all air-quenched below a certain section, regardless 
of quenching temperature. Stated in another manner, it would be enlightening 
to know if the authors have any data indicating their reason for this specific 
choice which they have made. 

Written Discussion: By Charles H. Savage, Eastern Research Labora- 
tory, Crucible Steel Co. of America, Harrison, N. J. 

We would be interested in knowing what etching reagent the authors used 
since it is evident from their photomicrographs that the particles of the 
“unknown” phase are severely attacked by this reagent, while the character- 
istic precipitation of carbides is not fully revealed by their etching technique. 
This difference in resistance to attack may serve as a clue to the identity of 
this “unknown” phase. In the work that we have done on heat resistant 
austenitic steels,” we have found that Vilella’s and Marble’s reagents are pref- 
erable to the other reagents used for the austenitic chromium-nickel steels. 
We have found that Vilella’s reagent is more easily controlled than Marble’s 
reagent on samples which have been reheated for comparatively long times 
at those elevated temperatures where carbides precipitate and sigma forms 
from.the austenite. Chrome regia, aqua regia, aqua regia in glycerol, and 10% 
oxalic acid have all been found to be inferior to Vilella’s and Marble’s rea- 
gents because they are more difficult to control. Aqua regia is the only one of 
these solutions which severely attacks the massive particles of sigma phase 
in high-silicon types 309 and 310. 

Written Discussion: By E. Gammeter, chief metallurgist, Globe Steel 
Tubes Co., Milwaukee. 

The authors are to be congratulated on the contribution of these data on 
high temperature properties of austenitic steels. The emphasis on apparent 
influence appears very much in order as the grain size in austenitic steels is 
influenced by many factors and conditions whch may be more directly respon- 
sible for changes in properties than the grain size as such. 

It is noted that the 18-8 studied consisted of two heats of appreciably 
different analyses. In the case of the 18-12 + Cb, two heats are also used 
although having somewhat lesser variations in analyses. This appears rather 
unfortunate as different heats with even very slightly different practice, partic- 
ularly deoxidation practice, might easily change the resultant grain size and 

*Peter Payson and Charles H. Savage, “Changes in Austenitic Chromium-Nickel Steels 


During Exposures at 1100 and 1700 F,’’ Transactions, American Society for Metals, 
Vol. 39, 1947, p. 404. 
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properties. It would appear that more accurate comparisons might be made 
if the same heats were used and the grain sizes developed by heat treatment. 
For this reason the differences observed may be more associated with other 
variables than grain size. In this respect it is noted that the properties of the 
18-12 + Cb in grain sizes 2/4 and 4/6 (which represent the same heat) do 
not show much deviation. The heat studied’ as grain size of 8, which repre- 
sents a different heat, shows marked deviation from both grain size condi- 
tions of the other heat. 

The grain size as produced in the individual heats of 25-12 and 25-20 
appear to correlate with variation in properties. This variation also appears 
associated with the amount of the unknown phase. The authors feel that this 
phase is not sigma. It would be interesting to know what methods were 
used that brought this conclusion as the phase does seem to have some of the 
characteristics of sigma. In this connection the authors do not state what 
etchant was used for any of the photomicrographs. It would be helpful to 
know this, especially in the cases where the unknown phase appears. The 
identification of this phase may throw considerable light on further studies of 
these variations in properties. 

In an effort to establish identity of some phases, the writer has recently 
had some success by examining metallographic samples after carefully magna- 
fluxing the sample using a liquid suspension of the powder. Evidence of par- 
tial transformation of alpha (magnetic) to sigma (nonmagnetic) was clearly 
shown by this method. 

The writer also would like to take exception to the use of “normalized” 
as defining the air-cooled samples. The term, by definition, is not intended 
to cover the austenitic grades and has been the source of much confusion and 
its use should be discouraged. 

The authors state the microstructure of Fig. 9 is representative of 18-12 
+ Cb. They also state that 18-12 + Cb undergoes structural alterations in 
that carbide precipitation occurs in the grain boundaries. The writer would 
like to ask if this has been found to any extent and especially to the amount 
as shown in Fig. 9d, which appears as a rather complete network. We have 
not encountered this extensive precipitation in 18-12 + Cb in heats adequately 
stabilized such as the authors used, even after 1000 hours in the sensitizing 
range. 

The writer does not feel that the work done on this subject has been 
sufficiently complete and conclusive to justify the conclusion that implies com- 
mercial materials of 18-12 + Cb, 25-20 or 25-12 should be specified fine or 
coarse-grained, depending on the high temperature properties expected. The 
present paper represents a great deal of work but this is a very involved sub- 
ject and little would be gained by too hasty conclusions that will involve speci- 
fications governing commercial materials. 

It is hoped the authors’ presentation will be supplemented with additional 
studies and will likewise stimulate work by other investigators. 

Written Discussion: By L. V. Horne, Union Oil Company of Califor- 
nia, Los Angeles. 

The complex alloy analyses required to withstand destructive effects en- 











1947 DISCUSSION—HIGH TEMPERATURE PROPERTIES 175 


countered in modern chemical processes have brought in their train problems 
of selection and application which in themselves are far from simple. Economic 
use of these relatively expensive materials can only be fully realized when 
their respective reactions to different operating environments are known, and 
unfortunately such knowledge is too often confined to the metallurgist rather 
than shared, as it should be, by the prospective user. The authors are to be 
commended for their contribution in this paper of data concerning the be- 
havior of a class of material widely used over a great variety of operating 
conditions and in this respect alone the paper is a definite step toward the 
goal of applying the correct material in its proper physical condition to any 
specific installation. 

It has been the writer’s belief for a long time that acceptance specifica- 
tions for the majority of metallic materials should base upon, or at least em- 
phasize, microstructure limitations rather than to rest, as so many do, either 
upon destructive tests made under conditions in no way comparable to those 
under which the material is expected actually to perform or upon analysis re- 
quirements concerning which the metallurgical stability factor has been more 
or less ignored. The fact that our approach to optimum control procedures 
has to keep pace with metallurgical developments is once more demonstrated 
by the authors of the subject paper. 

The application of the austenitic type of steels to high temperature oil 
heater tubes makes the authors’ findings concerning the 18-8 and 18-8 + Cb 
analyses of great interest, particularly the opposite hot-ductility-to-fracture 
tendencies of the two analyses in the fine-grained condition as compared with 
their respective reductions in long-time rupture strength. Considering Figs. 5 
and 6, it is noted that at 1200 F (650C) the 10,000-hour rupture strength of 
both analyses in the fine-grained condition corresponds quite well although a 
wide difference exists after 100,000 hours at this temperature. It would be 
interesting to know if the rupture strength of the 18-8 + Cb material de- 
creases linearly with time—in other words, if it can be considered as a gradual 
depreciation effect rather than as an abrupt rate change at some critical tem- 
perature level due to appearance of the unknown phase. Offhand, the former 
would seem to be the case. As the hot-ductility-to-fracture property has, up 
to a certain point, its advantage in furnace tube application in that some prior 
warning of failure (provided to a far less extent by the higher strength struc- 
tures) is afforded, the rate (or critical point, if one exists) of accelerated 
rupture-strength loss seems an important factor. 

The use of 18-8 material in high temperature tubes has sometimes been 
discouraged because of service failures occurring without warning, tubes of 
lower alloy content usually giving some prior notice of failure by swelling 
or bulging, although this has by no means precluded the possibility of actual 
rupture during operation. The 18-8 failures are undoubtedly due to inter- 
granular precipitation and considering the general susceptibility of 18-8 (with- 
out the stabilizer) to this condition, it is possibly not the best for high tem- 
perature tube application. The authors have shown the disadvantageous effect 
of columbium on creep and stress-rupture qualities over a long period of time 
in the fine-grained steels; however, it appears that precipitation effects are at 
the same time largely inhibited in grain structures of any size. 
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From the data given it would seem that considering a reasonable balance 
of desired properties, the optimum selection for high temperature tube material 
would be the 18-8 + Cb material in the medium grain size since this appears to 
combine fair creep and hot-ductility-to-fracture properties with resistance to 
intergranular effect to be expected from inclusion of the stabilizer. How- 
; ever, the writer wonders how effective the stabilizing element really is in the 
case of medium and coarse-grained steels and whether in such case there is 
much practical advantage over a fine-grained 18-8 containing no columbium 
at all, since grain size in that material is such a minor factor. Previous pub- 
lished work has shown precipitation in stabilized steels at high temperature at 
relatively short periods under high stress. Is magnitude of stress a factor in 
microstructural stability at high temperature levels and what is considered to 
be the mechanism involved in the reduction of creep strength, etc., by inclu- 
sion of the columbium? 
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4 With respect to the 25-12 and 25-20 materials, it is noted that the carbon 
; contents of the specimens tested are much lower than certain commonly used 
1 analyses, particularly in the cast form. Have the authors developed data con- 


cerning effects of varying the carbon upward or downward? The writer un- 
derstands that sigma phase was not in evidence at any time during the tests 
although temperatures reached 1800F (980C). However, since this con- 
stituent appears in the cast form of certain austenitic analyses within the test 
temperature range cited, the questions arise as to (a) whether carbon content 
directly influences the formation of either sigma or the “unknown” phase, 
and (b) why sigma was not in evidence in these tests for those analyses ordi- 
narily considered as subject to it. 

In view of the apparently beneficial effects of nitrogen in 25-12 cast ma- 
terial for high temperature applications it would be interesting to know if 
inclusion of the same element has any effect in suppression of the weakening 
unknown phase described in this paper. 

The writer would like to know if the manufacturers of tubular goods and 
castings for high temperature use and other products made from the austenitic 
family of steels intend to give effect to these and similar data in the form of 
recommendations as to the optimum microstructural condition in which the 
product should be furnished for any given analyses and service conditions. 

Written Discussion: By E. R. Wilkinson, Standard Oil Company of 
New Jersey, Louisiana Division, Baton Rouge, La. 

The developments accomplished in the preparation of this paper by Drs. 
Clark and Freeman are a real contribution to the many users of austenitic 
steel tubing for high temperature service. The authors have taken a most 
practical point of view throughout the discussion of their experiments, and this 
is the type of discourse which is of most value to the engineers who are speci- 
fying materials for various operations. 

For some years now we have been specifying fine-grained 18-8 chromium- 
nickel steel tubes for operating temperatures up to 1600 F (870°C) and higher, 
and have received very good service from them. This experience, it seems, 
would generally bear out the conclusions given concerning this particular ma- 
terial. Other austenitic steel tubing has generally been specified to be fine- 
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grained also, but it appears from the data given that we might expect better 
service from the coarse-grained material. For instance, the impact values at 
low temperature are quite important from a practical viewpoint because of the 
shock to which furnace tubing is subjected when being mechanically cleaned. 
The impact tests on 25-20 show that the coarse-grained material is generally 
superior to the fine-grained and although the authors appear to place more 
credit for this with the unknown transformation or phase which the metal 
structure undergoes, the grain size may still be a very important factor. This 
conclusion is based on the fact that the unknown phase seems to appear more 
pronounced in the lower range of high temperatures whereas the impact values 
decreased from 1000 to 1200F (540 to 650C) creep temperature and then 
leveled off. If the unknown phase were the more important factor for this 
consideration, it seems that it would naturally follow for the impact value to 
improve with the higher creep test temperature. Thus, we might conclude 
that the use of coarse-grained 25-20 is even more important than the authors 
claim. 

One interesting factor that has been noted, however, and the authors are 
no doubt aware of it, is the fact that the fine-grained material seems almost 
invariably to react more uniformly to various treatment than the coarse- 
grained materials. This is disclosed in the results of most of the tests and 
manifests itself in the smoothness of most. of the curves in the charts and 
particularly in the tensile strength figures for 25-20 steels in Table I]. We 
are not exactly sure what this might indicate, but it may mean that a fine- 
grained structure is more reliable or dependable than a coarse-grained one. 

In connection with fine-grained structures, the fact that grain growth oc- 
curs during operating service at high temperature is worthy of mention. For 
instance, experience with 18-8 has shown that the grain size increased from 
about 6/8 to about 3/4 after some 20 to 25 thousand hours of operation at 
1500 to 1700 F (815 to 925C) with spot temperature conditions considerably 
in excess of 1700 F (925C). Data are not available here to show that the 
same is true of the other austenitic steels referred to in the paper, but if it is, 
this may influence the grain size specification. 

The authors may feel that too broad generalizations are made in these 
comments. It must be remembered, however, that unless there can be certain 
generalizations of these data, then the data become less practical due to the 
fact that when tubes are specified for a given temperature condition, that con- 
dition may actually vary over a range of several hundred degrees Fahr. 

The authors of this paper are to be commended for their presentation 
which is just another example of their fine work. 


Authors’ Reply 


Our comments with respect to the various questions raised by Mr. Horne 
are as follows: 

1. The decrease in the strength of the fine-grained 18-12 + Cb steel, as 
well as the 25-20 and 25-12, is believed due to the precipitation of the unknown 
phase and is also believed to be a linear function with time. Results to date 
would indicate the effect of stress to be a minor factor. 
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2. Sigma phase was not observed in the 18-12 + Cb steel since the analy- 
sis was balanced with respect to the ferrite and austenite formers to prevent 
its appearance. 

3. In this same connection nitrogen was added to both the 25-20 and 25-12 
to help stabilize the austenite. 

4. The effect of pronounced variations in carbon content has not been 
investigated, for it is believed this element should be held below at least 0.10% 
in wrought austenitic steels in order to improve stability of structure and 
corrosion resistance. 

5. Grain size can be controlled in wrought austenitic products by cold 
working followed by recrystallization but this procedure cannot be readily 
followed in the case of castings. 

6. It is not believed that the results presented preclude the use of 18-8 
for high temperature service. This alloy has rendered excellent service in 
many applications, and while it often tends to fail with a brittle-type failure 
(as do many other type austenitic steels), these fractures can be largely elimi- 
nated by using the stress-rupture data for determining the available service life. 

The precipitation effects appear to be just the opposite of those postulated 
by Mr. Fleischmann. That is, in the coarse-grained steels precipitation occurs 
largely within the grain boundaries while in the fine-grained steels it tends to 
have random distribution. With 18-12 + Cb both the fine and coarse-grained 
steels were immune to the Strauss corrosion test under all conditions. How- 
ever, in the case of 25-12 and 25-20, the fine-grained structure, after the precipi- 
tation of the unknown phase, was more immune than the corresponding coarse- 
grained steels. 

In reply to Mr. Savage the unknown phase was readily attacked by any 
of the etching reagents used but the microstructures shown were etched with 
electrolytic sodium cyanide. - 

The question raised by Dr. Urban should have been clarified in the paper. 
In the lower temperature treatments for fine grain size control the specimens 
were air-cooled, for in this case it was not a question of retaining carbides in 
solution. These specimens could just as well have been water-quenched and 
it is believed this would not have influenced the results. On the other hand, 
since l-inch diameter bar stock was used, a water quench was believed desir- 
able from the higher temperature treatments in order to retain the carbides in 
solution. 

We cannot agree with Dr. Gammeter that the differences observed in the 
high temperature strength values of 18-8 and 18-12 + Cb may be due to the 
slight variations in chemistry more than to- the appearance of the unknown 
phase resulting from differences in heat treatment and grain size. If this were 
true then the users of high temperature steels have been very fortunate, to 
say the least, in being able to design on the basis of creep and rupture data, 
for the differences in chemistry are all well within the limits of the various 
specifications. This belief is further substantiated by the fact that in the case 
of 25-12 and 25-20 only single heats were used and the effect of variations 
in grain size and heat treatment were the same as with 18-12 + Cb. How- 
ever, it is true, as Dr. Gammeter states, that the precipitation in the grain 
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boundaries of the coarse-grained 18-12 + Cb is slight as compared to the other 
steels considered and the network is not as continuous. 

While we agree that the microstructure given in Mr. Watt’s discussion 
does show ferrite to be present, this constituent was not observed in any of 
the steels considered except 25-12. Again it is a question of properly balanc- 
ing the analysis to prevent the formation of ferrite and in this connection it 
should be noted that our type 347 actually is of the 18-12 + Cb type rather 
than of the 18-8 + Cb type. Small amounts of ferrite were present in both 
the fine and coarse-grained 25-12 steel but since this alloy behaved the same 
as 25-20 and 18-12 + Cb, in which ferrite was not present, it must follow that 
the presence of ferrite is not the main contributing cause to the low strength 
at high temperatures of the fine-grained austenitic steels. 

The comments of Mr. Wilkinson have added to the value of this paper 
for as he states it is true that coarsening of the fine grain structure will occur 
under prolonged times at temperatures of the order of 1700F (925C) or 
higher, as this was the temperature employed to cause only sufficient recrystal- 
lization of the cold-worked structure to produce the desired fine grain size. 
However, this tendency for grain growth will be more pronounced in 18-8 
than in the other steels considered. 

Likewise, as Mr. Wilkinson states, consideration must be given to other 
factors such as impact resistance and the ability to reproduce the given struc- 
tures not only from heat to heat but likewise in the individual tubes from any 
given heat. With proper processing control it should be possible to produce 
with equal ease either a fine or a coarse-grained structure in these austenitic 
steels. 
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EXPERIMENTAL STUDIES OF CONTINUOUS 
COOLING TRANSFORMATIONS 


By C. A, LIepHOLM 


Abstract 


This paper demonstrates methods, results, and applica- 
tions of direct experimental studies of continuous cooling 
transformations including some data on their effect on 
subsequent isothermal reactions in hypoeutectoid steel of 
high pearlite and bainite hardenabilities. Experimental re- 
sults are presented on mechanical and physical properties 
of partly transformed or slack-quenched and drawn struc- 
tures in such materials. It is demonstrated that the time 
required by the S-curve to complete an isothermal reaction 
in the bainite region is lengthened, in some instances more 
than 2000%, by ferrite rejection during continuous cooling 
preceding the isothermal transformation. 

It is hoped that this contribution will stimulate interest 
in direct experimental studies of transformations of the 
types which probably are encountered most frequently in 
industrial heat treating operations. 


INTRODUCTION 


SOTHERMAL transformations lend themselves most readily to 
scientific studies of the fundamental principles of the pearlite and 
bainite reactions in steel. S-curves also provide the practical metallurgist 
with a handy and popular method of comparing the transformation 
characteristics of one steel with those of another, or the effect of various 
alloy additions on these characteristics. 

But strictly isothermal transformations occur comparatively 
seldom or perhaps even rarely in industrial heat treating processes ; 
a 30-ton annealing charge or even one of a few hundred pounds weight 
can hardly be transformed in a strictly isothermal fashion, because the 
essence of isothermal transformation is rapid quenching to the iso- 
therm ; nor can a gun tube, or a propeller hub of 50 to over 100 pounds 
weight, or a propeller blade, or a weldment, unless it be relatively small 
in mass or thickness. 





A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, C. A. 
Liedholm, is chief engineering metallurgist, Curtiss- Wright Corp., Propeller 
Division, Caldwell, N. J. Manuscript received June 27, 1946. 
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The Jominy test gives a rather accurate representation of the 
cooling cycles occurring during industrial quenching operations per- 
mitting, by hardness correlation, the indirect interpretation of a cooling 
cycle in terms of distance from the quenched end of a Jominy bar. One 
of its limitations is that of giving hardness values only, but since other 
physical properties may be different for one and the same hardness, 
it is not always possible to predict them accurately on the basis of 
hardness alone. 

It is hoped that this introduction suffices to justify the statements 
that the S-curve sometimes fails to predict accurately the results of 
industrial heat treating cycles, and on occasion may lead to quite 
erroneous conclusions ; and that the information obtainable from the 
Jominy test often forms an inadequate basis for accurate heat treat- 
ing recommendations. 

The intention of this paper is to demonstrate engineering informa- 
tion obtained by methods devoloped or used to supplement S-curves and 
standard Jominy tests in order to predict and control practical heat 
treating results or evaluate materials for proposed applications. Ex- 
perimental procedures will be briefly discussed. The supporting data 
represent a limited selection from laboratory results whose unabridged 
inclusion would make the paper excessively lengthy. The work whereon 
this report is based is still in progress. 

For convenient discussion, the subject matter will be grouped 
under the following headings: 

Continuous cooling transformation diagrams 

Flat end-quench method 

Isothermal reactions preceded by gradual cooling 
Each interrelated topic will include the experimental procedure and 
results, and a discussion of the practical applications or significance 
of the results. 


ConTINUOUS COOLING TRANSFORMATION DIAGRAMS 
Procedure and Results 


The major part of these studies has been based on partial con- 
tinuous cooling transformation diagrams obtained by a technique 
combining Jominy’s end-quench test (1)* with Bain’s method of de- 
veloping S-curves (2) by arresting transformations at various stages 
through quenching, thus exposing their progress to metallographic 


‘The figures in parentheses pertain to the references appended to this paper. 
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observations. The details of the experimental procedures employed 
to develop these partial continuous cooling transformation diagrams 
have been described elsewhere (3), but will be reviewed briefly in 
the following. 

Cooling curves are obtained for a sufficient number of positions 
on a %-inch diameter by 4-inch long end-quench bar with a fast re- 
cording potentiometer such as the Speedomax. The recommended 
practice is to take duplicate curves for each typical material (chosen to 
represent a specified analysis range) and each hardening temperature 
at twelve positions along the bar—namely, at %-inch intervals from 
the quenched end to the 1-inch station, and at 14, 1%, 2, and 2% inches 
from the end. These curves are plotted in ink on a large, thin graph 
paper so that black and white work prints can be obtained easily. At 
least twenty-four specimens are required with this procedure for the 
basic step of the program. 

To obtain the experimental data for each individual diagram 
requires an additional twenty-one 14-inch diameter end-quench bars. 
These specimens are protected by a controlled atmosphere or by partial 
embedding in cast iron borings or any other suitable method during 
heating to the hardening temperature (we have used 1700 F (925 C) 
in most of our work). The specimens then are end-quenched for vari- 
ous selected intervals, e.g., 10, 15, and 20 seconds; beyond that the 
successive test pieces can be timed in the jig with 10 to 20-second incre- 
ments up to 200 or 300 seconds, which period usually is long enough 
to permit all-over quenching of most steels without any appreciable 
effect on the form of the normal Jominy curve. Each selected end- 
quench period is terminated by the rapid quenching of the entire speci- 
men, preferably in ice water. 

All the structural changes associated with the various cooling 
cycles existing throughout the length of the Jominy bar, therefore, are 
“frozen” at various time intervals from the beginning of the end 
quenching and can be studied metallographically. The time and place 
of birth of each new microconstituent is plotted on the time-temperature 
curves obtained previously for successive positions of the end-quench 
bar. (Obviously, it is often necessary to interpolate between the various 
end-quench periods and cooling curves.) All points on the cooling 
curves denoting the beginning of the same transformation are next 
connected by a faired curve which, therefore, will indicate the time 
and temperature of the beginning of the observed reaction—such as 
ferrite, pearlite, or bainite—during progressively slower cooling cycles. 
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Fig. 1—Continuous Cooling Transformation Diagram for SAE 4330 Steel of Heat No. 3801. 


Fig. 1 is a finished continuous cooling transformation diagram with 
hardness contours for SAE 4330 steel. Transformation diagrams of 
the same type have been published also for SAE 6135 (3), NE 8630 
(5), SAE4130 (6), SAE 4315 (7), and another heat of SAE 4330 (4). 

Fig. 2 shows the effect of the all-over quenching after the various 
end-spray periods on the Jominy hardness curves: Note that the hard- 
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Fig. 2—Hardness Versus Distance Curves for 4-Inch Diameter Jominy 
Bars Upon Immersion Quenching After Various End-Spray Periods. 


Seconds Cooled In Jominy End Quench Machine, Including 
Three Seconds Required To Transfer Specimen From Furnace 


ness curve gradually develops a depression which increases in depth 
and width toward the air-cooled end as the end-spray period preceding 
the all-over quenching is lengthened, until, finally, the curve coincides 
with the regular Jominy hardness curve. When the all-over quenching 
fails to alter the normal Jominy hardness of a particular position on 
the bar, it should obviously be true from a practical point of view that 
the reaction has stopped at that point when the bar is quenched by 
immersion. The various times required for each position to transform 
to the state indicated by its true Jominy hardness then could be 
determined approximately from the curves of Fig. 2 if the increment 
in hardness due to the immersion were plotted against the length of 
the end-quench period. Fig. 3 shows this way of plotting the hardness 
increment against the end-quench period for the 14-inch distance 
from the quenched end. It was intended to determine the curve indi- 
cating the virtual end of premartensite transformation from such plots, 
but the number of hardness data available for each position was not 
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Fig. 3—Hardness Deviation From the Regular 

ominy Hardness at 1% Inches From the Quenched 

nd, Plotted Against the Duration of the End- 
Spray Period. 


sufficient to determine the average hardness with the necessary ex- 
treme precision. 

Since the reproducibility of the cooling curves largely determines 
the value of the continuous cooling transformation diagrams for the 
prediction and control of metallographic structures, the illustrative 
data of Table I have been included. These data represent very recent 
studies on the reproducibility of such cooling curves. With the present 
technique, the distance of the thermocouple from the quenched end of 
the Jominy bar is controlled by an accurately made jig which allows 
the drilling of two individual 1/32-inch diameter by 1/32-inch deep 
holes, 1/16-inch apart, on the lateral circle at each desired position. 
The thermocouple wires are inserted and the holes closed by peening 
them together with a small punch so as not to effect any displacement 
in the longitudinal direction. By the older method (3), a thermocouple 
bead was peened into a single 1/16-inch diameter hole. 

It is noted from Table I that the cooling times to the various listed 
temperatures obtained by the latest method for the % and 24-inch 
distances from four parallel determinations varied by a maximum of 
about + 4.2% for the %4-inch distance and + 5.1% for the 2%4-inch 
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Table | 


Ste a Dees Sees fe Gost Tene te See, ot o Nanber of Temgeesve 

Recorded by the Speedomax Instrument at \% and 2% Inches from the Quenched End ot 

a %-Inch Diameter Jominy Bar. Furnace temperature, 1700 + 5F. Each computed aver- 
age and range of variations is based on four determinations. 


PY die a eh a 


Average Time and 
-——Range in Seconds, Percentage Variations 


Temperature, F % Inch 2% inches ¥% Inch 2% Inches 
1400 12 + 0.5 29.5 +1.5 +417 +5.08 
1300 15 + 0.5 42.75 + 1.75 + 3.33 +4.09 
1200 18 + 0.5 57.75 + 1.75 + 2.78 +-3.03 
1100 21.5 + 0.5 75.25 + 2.25 + 2.33 +2.99 
1000 26.5 + 0.5 98.75 + 2.75 + 1.89 +2.78 
900 31.5 + 0.4 141.5 + 6.5 + 1.27 +4.59 
800 38.5 + 0.25 182.75 + 4.25 +0.65 + 2.33 
j 700 47.5 + 0.5 218.5 + 4.5 +1.05 +2.06 
600 62 + 1.0 26 + 3.5 + 1.61 + 1.37 
500 85.5 + 1.5 +1.76 
400 126 + 3.5 +2.78 
300 197 + 6.5 +3.30 








Temperature F 
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Time in Minutes 
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Fig. <—-Oundrneie Speedomax Curves for 4% and 2%-Inch Distance 
From the Quenched End of 4%-Inch Jominy Bars, Illustrating the Duplica- 
bility of These Cooling Curves. 


distance. The maximum percentage variations arose in the former 
instance from + 0.5-second errors and in the latter, from + 1.5-second 
errors. Note, however, that no corrections have been made for \varia- 
tions in transfer time from furnace to quenching fixture. This time, for 
a good operator, has been found to be very close to 3 seconds, which 
observation agrees well with the 2.5 seconds reported by Morse Hill (8). 
Fig. 4 shows the replotted Speedomax curves. 
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Applications 


Propeller Blade Heat Treatment—The need for a rational but 
simple method of analyzing the variables involved in the die-water 
quenching of hollow steel propeller blades provided the incentive for 
the development of continuous cooling transformation diagrams. This 
original application has been discussed elsewhere (3), (9), but will be 
briefly reviewed. 

Because of variations in materials thickness from over 1 inch at 
the shank to only about 1/16-inch at the tip, hollow steel propeller 
blades, cooling in air, contain an infinite number of cooling cycles 
varying between very slow and fairly fast. The blades are hardened 
and simultaneously straightened by die quenching after the applica- 
tion of an internal gas pressure (nitrogen at 825 to 900 psi). The die 
cooling hardens the thin sections but water is applied externally over 
the thickest material in the shank outboard over about a 17-inch 
length. The first requirement of the blade steel is sufficient harden- 
ability to respond to the die or water quench by satisfactory hardening. 
The size of the blades and the necessity of positioning them carefully 
in the die imposes an air cooling period, always preceding the quench- 
ing operation and varying in length because of the human factor. The 
problem originally solved by the continuous cooling transformation 
diagram was to permit the accurate determination of the allowable 
maximum air cooling period preceding the water quench. This period 
varies between 15 seconds for SAE 6130 steel to 60 for a new blade 
material resembling SAE 4320, and 90 seconds for SAE 4330 (a 
slightly modified composition was used).? An approximate method of 
determining quench delay is merely to perform a series of interrupted 
end-quench tests such as illustrated in Fig. 2 above. It will be shown 
presently, however, that more instructive information can be obtained 
from the continuous cooling transformation diagram. 

Rejected Ferrite in Quenched and Drawn Steel—Many reports 
on failure diagnosis have, without hesitation, charged fatigue cracks to 
the occurrence of ferrite rejection in the failure area of heat treated 
parts. Rejected ferrite at least is viewed with suspicion in any part 
requiring high endurance strength. The actual effect of various per- 





*The 60-second quench delay employed for the new blade material and the 90-second delay 
used for the now discontinued SAE 4330 material are long enough to cause ferrite precipitation 
in heats of low hardenability, but are necessary to minimize quench cracking in heats of rela- 
tively high carbon content and high ay The amount of ferrite precipitation is 
controlled by the requirement that the hardness after draw nowhere must be less than Rock- 
well C-27. It will be shown that this requirement is an adequate safeguard against any appreci- 
able loss of endurance strength. 
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Fig. 5—Cooling Curves for Impact, Fatigue, and Tensile Specimens, 
Superimposed Upon the Continuous Cooling Transformation Diagram of 
the Material. 
centages of rejected ferrite on the hardness, fatigue, tensile, and impact 
strengths of SAE 4330 steel hardened and drawn at 1120 F has been 
determined by the superimposition of the center-section cooling curves 
for the various test specimens, on the continuous cooling transforma- 
tion diagram of the heat of steel from which the specimens were 
machined ; see Fig. 5. The analysis of this material (heat No. 3801) 
was as follows: 
Heat No. %C %Mn &Si %S FP %Cr FZNi %Mo 
3801 0.27 0.73 0.31 0.008 0.006 0.72 1.84 0.31 
Different sets of the specimens were quenched after various 

periods of air cooling, determined from Fig. 5, to allow the following 
stages of transformation to be reached prior to quenching: 

(a) No ferrite precipitation 

(b) Trace rejected ferrite 

(c) A few per cent 

(d) About 10% 

(e) About half completed ferrite rejection 

(f) Maximum ferrite compatible with the cooling cycle, plus 

bainite. 
Each'set of specimens of the same kind and quench delay was air- 

cooled in a symmetrically loaded holder, whereupon holder and speci- 
mens were quenched together. The procedure, of course, required the 
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air cooling cycle to be determined for each kind of specimen in the 
properly loaded holding fixture. It was found that the cooling cycle of 
the %4-inch diameter shoulder type tensile specimens used in this 
particular investigation was approximated by the 13-inch Jominy 
distance, and that of the R. R. Moore fatigue specimens by the 214-inch 
distance ; whereas, the Izod specimens cooled slower than the 24-inch 
Jominy position. 

Average results including the metallographic structures of the 
partly transformed specimens, obtained on duplicate series of trans- 
verse fatigue, and triple transverse tensile specimens from 14-inch 
plate material, have been plotted in Figs. 6, 7, and 8, against quench 
delay time, and against percentage of ferrite. The latter quantity was 
determined by the cutting of 8 by 10-inch enlargements of 300-diameter 
photomicrographs into ferrite and nonferrite areas and weighing the 
pieces. Fig. 9 shows the percentages of ferrite determined on the tensile 
specimens, plotted against the various quench delays. 

It will be noted that the physical properties, and especially the 
fatigue strength, were not radically lowered by the ferrite rejection. 
Even with 51% rejected ferrite and appreciable amounts of bainite, 
the lowering of the fatigue strength amounted to only about 8% for 
this material. If one considers that a 60-degree notch with a radius of 
0.002 inch lowers the fatigue strength by some 75%, the effect on this 
property of the partial transformation resulting from overdelayed 
quenching of this high hardenability material, within the limits studied, 
appears slight. This observation is important in connection with the 
establishment of heat treating specifications for propeller blades, and 
in connection with failure studies. 

The maximum lowering of the tensile strength amounted to 14%, 
- the as-quenched hardness fell by a maximum of 16 points Rockwell C, 
and the hardness after draw, 6 Rockwell C. The average values ob- 
tained on groups of six transverse Izod impact tests varied between 
61.5 and 67.2 foot-pounds throughout the whole range of investigated 
structures, 

An attempt was made to determine whether or not the results 
could have been estimated with reasonable accuracy from a knowledge 
of the tensile strength of the alloyed ferrite and of tempered martensite 
of various carbon contents. The tensile strength of the ferrite was 
calculated to be about 64,000 psi, using the method reported by Gen- 
samer (10). The strength of the tempered martensite-bainite fraction 
was taken from a curve correlating tensile strength and carbon content 
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Fig. 8—Tensile Strength and Hardness in the As-Quenched and As- 
Tempered Conditions Versus Percentage of Rejected Ferrite. 





Fig. 9—Quench Delay Versus Percentage of Ferrite for 4-Inch 
Diameter Tensile Specimens. 


(615 C). Since the data for heat 3801 were obtained on specimens 
drawn at 1120 F (605 C), the somewhat higher values of the water- 
hardened and tempered condition were employed. It was assumed that 
each structural fraction (ferrite and tempered martensite-bainite) con- 
tributed strength in proportion to its relative area and inherent tensile 
strength and that the martensite-bainite fraction contained all the 
carbon indicated by the analysis. The basic data employed and the 
results obtained are assembled in Tables IIA and IIB. 

Although these estimates were based on the arbitrary assumptions 
that each microconstituent contributed to the tensile strength in pro- 
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Table IIA 
Tensile Strength of Ferrite 


Flow Strength, Psi 


Per Cent Increase Above 
Element by Weight Unalloyed Ferrite 
31 13,000 
Cr 0.72 3,300 
Ni 1.84 16,000 
Mo 0.31 5,100 
Total Increase.........>.. 47,400 
Flow ae Unalloyed 
ES ee 30,000 
Flow Strengtis, Alloyed 
“4 OE Oa 77,400 
Tenaile 5 Strengti Alloyed 
ink cdan eset ee 64,000* 
*Obtained through the interpolation of Gensamer’s Fig. 4, Reference 13. 
Table IIB 
Fractional Strength from Microconstituents and Total Strength, 

Calculated and Experimental 
ee te Se chm ew aweoed mae 13.5 33 51 
Per Cent Bainite-Martensite. ............cccccccccces 86.5 67 49 
Per Cent Carbon in Bainite-Martensite................ 0.31 0.40 0.55 
Tensile Strength of Bainite-Martensite, Psi............ 138,500 147,000 161,000 
Fractional Strength from Bainite-Martensite, A 120,000 98,500 79,000 
Fractional i Pn ME, Oo. cau cdcedectes 8,650 21,200 32,700 
Total Calcula Ne gg. cc ouebee eb ae 128,650 119. 700 111,700 
Experimental Tensile Strength....................... 131,000 123,500 114,000 


Per Cent Error of Calculated Value................... —1.9% —3.4% —2.0% 





portion to its relative area and inherent strength® and that the tem- 
pered martensite-bainite had the same strength as tempered marten- 
site of the same carbon content, the agreement among the estimated 
and experimental values is good and for that reason these data were 
thought to be of sufficient interest to be reported. (The maximum 
error was 3.4%.) 

Material and Process Improvements—The purpose of the pre- 
ceding review of the present applications of the continuous cooling 
transformation diagram was not to suggest that any general conclusions 
can be drawn from the data presented herein on a material of high 
hardenability and alloy content, regarding the properties of typical 
microstructures formed during the continuous cooling of various steels. 
The intention is, however, to substantiate the suggestion that informa- 
tion of this type can be developed rather readily for many other mate- 
rials by similar methods. 


*The mean ferrite path could not be determined experimentally for the tempered martensite- 
bainite and, hence, no attempt was made to base the estimate on mer’s correlation between 
and log of mean ferrite path (10). 
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In the past, it has always been considered necessary to select steels 
of very high hardenability for die-quenched propeller blades and, 
therefore, data on cooling transformation of less hardenable steels are 
not yet available. However, it appears quite possible to build propeller 
blades of adequate strength, from fairly low-carbon steel of lower than 
the present hardenability, through the application of these methods to 
the proper co-ordination of material and processes, and the subsequent 
production control. The object would be to eliminate numerous manu- 
facturing difficulties, especially those pertaining to welding, which are 
the bane of steels with excessively high hardenability and carbon 
content. The envisioned heat treatment could be described metallurgi- 
cally as a slack quench controlled within specified limits. The first step 
in work toward this goal is the design and construction of a flat end- 
quench bar to be described presently. 


Fiat ENp-QuENCH Bar 
Procedure and Results 


The possibility of slack quenching a material to uniform physical 
properties through various two-stage cooling cycles (air cooling fol- 
lowed by water or die quenching) obviously requires an experimental 
procedure which allows the direct and ready determination of tensile 
and possibly endurance properties, in addition to hardness, for many 
different air cooling cycles and various delays prior to quenching. 

The fully satisfactory procedure should be as free as possible from 
limitations such as affect the data just presented on the effect of per- 
centage of ferrite on mechanical properties. The various specimens 
should not be inflexibly associated with an “air cooling” cycle peculiar 
to the design of the specimens. Rather, it should be possible to obtain 
tensile or fatigue as well as hardness tests that could be cooled in 
accordance with any predetermined cooling cycle, so that various 
properties could be compared on any desired common basis of cooling 
cycle and quench delay or metallographic structure. Flat end-quench 
tests provide a reasonably satisfactory answer to these requirements, 
because they provide a range of cooling cycles which, once determined, 
can be used to select the desired specimen on the basis of its cooling 
cycle and, hence, permit a more general correlation among cooling 
cycle, quench delay, structure, and mechanical properties. They have 
the drawback, however, that each specimen, even if very small, repre- 
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Fig. 10—Design of 44-Inch Thick Flat End-Quench Bar. 


sents a range of cooling cycles whose width increases as the distance 
from the quenched end decreases, rather than a single narrow range of 
cooling cycles of negligible width. However, through the use of %-inch 
diameter specimens and properly staggered test positions on duplicate 
test series, this disadvantage can be partly alleviated. 

The procedure used in this work is illustrated by Fig. 10, showing 
the design of the specimen; Fig. 11, showing the quenching jet; Fig. 
12, showing the end quenching of a flat specimen; and Fig. 13, show- 
ing how the original bars were sectioned after end quenching in order 
to study possible hardness variations across the specimens due to the 
edge-effect. Table III shows a series of hardness results obtained on 
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Fig. 11—Quenching¥et forJFlat Jominy]Bar. 


the face of sections A through E of Fig. 13, and on the interior section 
surfaces, A, C, and E. These data indicate the hardness variations 
across the specimens to be negligible for the class of materials dis- 
cussed herein. 

The cooling cycles for various distances from the quenched end 
have been determined for flat bars of SAE 4330 steel and plotted in 
Fig. 14. In Fig. 15, the half-temperature cooling times obtained in this 
work have been correlated on the basis of equivalent positions, with the 
calculated values of Asimow, Craig and Grossmann (12) (whose 
H-values for the Jominy jet quench and for air cooling were computed 
from Jominy’s experimental cooling curves). Note that the exper- 
imental data presented in this paper deviate from Jominy’s, giving 
consistently shorter half-temperature times. Various assumptions re- 
garding the reasons for these deviations have been checked with 
negative results. It has been thought, for instance, that heat might have 
been carried away by the 20-gage thermocouple wires, causing faster 
curves than would be obtained with finer wires. Three determinations 
using (a) 20-gage (0.032-inch diameter), (b) 22-gage (0.025-inch 
diameter), (c) 28-gage (0.012-inch diameter) couples at the 1-inch 
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End Quenching of Flat Jominy Bar. 


Fig. 12 





station gave very nearly one and the same curve. See Fig. 16, showing 
the extremely good agreement between the three curves. 
Another theory would ascribe these faster cycles to better pro- 
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Fig. 14—Cooling Cycles of Various Distances From Quenched End 
of Flat Jominy Bar. 


tection against scaling during the heating period, the present experi- 
ments having been performed in a very carefully controlled atmosphere, 
such as employed for experimental propeller blades (13). But accord- 
ing to Morse Hill (8), slower cooling due to scaling would be noticeable 
only in the air-cooled end. However, Hill (8) reported that the Materiel 
Center’s cooling curves also were faster than Jominy’s. His data show 
some scatter and his curve seems to favor the points on the high side 
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Fig. 16—Cooling Curves at Surface of 44-Inch Diameter Jominy 


Bar 1 Sach From the Quenched End Using Three Different Gage 
Thermocouples. 


of the scatter band. Although it is rather obvious that the curve should 
show a tendency to become asymptotic to a finite half-temperature 
time, both Asimow, Craig and Grossmann’s, and Hill’s curve show a 
steep slope toward the far end ; Hill’s curve in that region goes through 
the highest experimental point, disregarding several others. 

The data contained in this report can be converted to the older 
cooling curves if desired, or vice versa, by the use of Fig. 15. It is 
believed important enough to point out the almost exact similarity of 
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“a Yo 1 Me We Pa 2 2% 22 
Distance From Quenched End In Inches 


Fig. 17—As-Quenched Hardness Versus Distance From Quenched 
cae a End-Spray Period for Flat Jominy Bar, SAE 4330, Heat 
o. 3801. 


the half-temperature times for equal distances from the quenched 
end, indicated by this figure for the flat and the l-inch diameter end- 
quench bars, as might have been expected from a study of Austin’s 
reproduction of Russell’s tables (14). 


DIscussION 


The first experimental results on specific mechanical properties of 
SAE 4330 steel, obtained from flat end-quench bars, immersion- 
quenched after various end-spray periods, have been plotted in Figs. 17, 
18, 19 and 20. These results have been included to give an idea of the 
usefulness of this test method. To begin with the “normal” Jominy 
curves, which for this steel and specimen type are quite similar to the 
curves resulting from a 300-second end-spray period, the observations 
taken from Figs. 17 to 20 and listed in Table IV are of interest. 
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Fig. 18—-Hardness After Draw Versus Distance From Quenched 
End and Spray Period, 4-Inch Flat Bar, SAE 4330, Heat No. 3801. 


Table IV shows that a fully hardened and drawn structure had 
about 18,000 psi higher tensile strength than a normalized and drawn 
structure, when the draw temperature was 1120F (605C). The 
tensile strength for both conditions was 11,000 psi higher than the 
yield strength, and the hardness of the hardened and drawn steel was 
6 points Rockwell C higher than that of the normalized and drawn 
steel. Bear in mind that, in accordance with Fig. 8, the normalized steel 
contained at least 50% ferrite. For a less highly alloyed steel, the 





Table IV 





Location pone End Air-Cooled End 
Condition ully Quenched “Slack-Quenched” 
(1” dia. air-cooled) 
Hardness, before draw Rockwell C-50 C-32.5 
after draw Rockwell C-28.5 C-22.5 
Amount of softening in draw 21.5 points Re 10 points Re 
Tensile after draw (1120° F.) 134,000 psi 116,000 psi 
Gain through hardening 18.000 psi “4a 
Yield after draw* 123,000 psi 105,000 psi 
Gain through hardening 18,000 psi nina e 





*At 0.2% offset. 
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saeae at shown in the graphs are at 136,000 psi. Scale: Height of block 
differences in properties due to variations in the cooling cycle would, 
of course, have been much greater. Note that heat 3801 bad insufficient 
hardenability and carbon hardness to meet the specified minimum 
tensile of 130,000 psi after a 1120F (605C) draw (the standard 
draw temperature is 1140 F) when the quench delay exceeded 30 
seconds. 

From the immersion-quenched bars, it was observed that whereas, 
the hardness, tensile strength, and yield point varied consistently with 
the cooling cycle and quench delay or spray period, the reduction of 
area and per cent elongation appeared independent of these factors 
within the range studied. All the ductility data, therefore, were thrown 
together and plotted in the form of histograms shown in Figs. 21 and 
22. The means of the distribution were 68.4% for the reduction of area 
and 20.2% for the per cent elongation, and the standard deviations 
1.52 and 1.06, respectively. Hence, it appears that these properties were 
affected but slightly if at all by the variations in cooling cycles. It 
should be remembered, however, that the steel had been drawn before 
testing ; had it been tested in the quenched condition, the story might 
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Fig. 20—Yield Point After Draw Versus Distance From Quenched 
Ead and Spray Period (44-Inch Fiat Bar, SAE 4320, Heat No. 3801). 
Abscissas shown im the graphs are at 125,000 psi. Scale: Height of 


have been different. The ductility might havé shown a minimum for 
certain cooling cycles, corresponding to that observed by Gensamer in 
steel which had been reacted isothermally at certain intermediate 
temperatures (15). 


ISOTHERMAL REACTIONS PRECEDED BY GRADUAL COOLING 


Procedure and Results 


The observed lack of agreement between the progress of bainite 
transformation in postheated weldments and isothermally transformed 
specimens of the same steel (16) suggested the experimental study of 
isothermal reactions preceded by gradual cooling to the isotherm. The 
experimental procedure can obviously be varied within wide limits. 
For instance, small specimens can be austenitized in one furnace and 
transformed in another, or they can be cooled in one and the same 
furnace from the austenitizing temperature to the isotherm and then 
withdrawn and quenched at appropriate time intervals. With the former 
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procedure, it is desirable to record the cooling cycle of the specimens 
with a separate recorder operated by a thermocouple which has been 
peened into a representative specimen. With the latter procedure the 
furnace chart will contain the record of the approximate cooling cycle 
to the isotherm. 

The progress of pearlite transformation in SAE 4330 steel at 
various temperatures has been studied both after furnace cooling to 
the isotherm and after transfer of the specimens to a separate furnace 





i 
6 8.2, 20. “a ab. asin 
Reduction of Area % 


Fig. 21—(Left) Frequency Distribution of Per Cent Elongation Data. 
Fig. 22—(Right) Frequency Distribution of Reduction of Area Data. 


held at the reaction temperature. At 1200 F (650(C), this steel has 
been found to react very nearly in the time predicted by the SAE 4340 
S-curve, an observation not made fully clear in Reference 16. There- 
fore, it is considered probable that apparent discrepancies in reaction 
time observed at other adjacent temperatures have been due to the 
very rapid change in slope of the end-of-reaction curve above as well 
as below 1200 F (650 C). As the distance above or below this temper- 
ature of minimum reaction time increases, the time to completion be- 
comes increasingly sensitive to temperature deviations and the curve 
becomes increasingly difficult to locate with a high degree of precision. 

In the bainite region, the time to complete reaction has been 
studied through the transfer of 14-inch cube specimens to a furnace 
maintained at the transformation temperature. In this region, ferrite 
rejected during the cooling cycle very effectively retarded the comple- 
tion of the reaction. This effect is illustrated in Fig. 23, which has been 
reproduced from an article by Liedholm and Coons (16). This figure 
shows the end-of-transformation lines for SAE 4340 and 4360, repro- 
duced from U. S. Steel Corporation’s “Atlas of Isothermal Trans- 
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Fig. 23—Effect of Gradual Cooling Versus Quenching Upon the Total Reaction Time 
in the Bainite Region. 


o 


formation Diagrams” with photomicrographs inserted by the author 
and W. C. Coons. The micrographs of isothermally transformed 
SAE 4330 specimens which had been quenched to the 700 and 600 F 
isotherms showed reaction times of about 60 and 30 minutes, respec- 
tively, which is well within the limits predicted from the SAE 4340 
S-curve. But when the specimens of the same steel were cooled slowly 
to either isotherm, transformation was still incomplete at both tempera- 
tures after 12 hours. At the lower temperature, transformation in that 
time had progressed further than at the higher, but was still far from 
completed, even though the time in this instance had been increased 
by a factor of 24. 
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Applications 


The most direct application of these experimental studies is the 
postheating of weldments. The results reported above reveal some 
widespread misconceptions about the metallurgical effect of the post- 
heating of weldments of high hardenability materials such as 
SAE 4330 or 4340. It has been reported by Pugacz and associates (17), 
and stated by Williamson (18), that the approximate minimum effec- 
tive postheating time for any steel can be taken from the S-curve, and 
that postheating so determined will insure the completion of bainite 
transformation and, hence, prevent the formation of martensite during 
cooling after completed postheating, thus preventing the formation 
of “hard cracks”. 

While these statements very well may hold true for steels of lower 
hardenability, they do not apply to materials like SAE 4330. Reference 
to Fig. 23 shows that it would be impractical and perhaps useless to 
postheat this steel until completely transformed above M,, but never- 
theless, hard cracks in this material can be eliminated by postheating 
3 to 4 times longer than the S-curve reaction time. After such post- 
heating, the steel will contain almost the same amount of martensite as 
not postheated steel but no cracks. This observation has been verified 
on a large number of test welds prepared in this laboratory and it is 
hoped that the evidence can be presented in a future publication. This 
observation does lend some indirect support to the theory advanced by 
Hoyt, Simms and Banta (19) and others, namely, that hard cracks 
are due to hydrogen, and the main purpose accomplished by postheating 
is to rid the metal sufficiently of hydrogen to allow martensite trans- 
formation to occur without causing cracks. 


SUMMARY 


1. A method for the construction of partial continuous cooling 
transformation diagrams has been presented and discussed. 

2. Various applications of continuous cooling transformation 
diagrams have been discussed. 

3. Data obtained by this method on the effect of rejected ferrite 
upon the endurance, tensile properties, impact strength, and hardness 
have been presented for SAE 4330 steel. 

4. An attempt to estimate the tensile strength of SAE 4330 steel 
with various percentages of rejected ferrite, using Gensamer’s method 
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(10) of evaluating the strength of ferrite, has resulted in good agree- 
ment with experimental data. 

5. A flat end-quench bar with suitable quenching fixture permit- 
ting the correlation of cooling cycle with tensile properties as well as 
hardness has been developed and described. 

6. Cooling curves have been obtained and presented for various 
distances from the quenched end of the flat Jominy bar. 

7. Half-temperature cooling times based upon determinations 
performed in the Engineering Materials Laboratory, Curtiss-Wright 
Corporation, Propellet Division, have been plotted against older data 
(12) for the %4-inch diameter by 4-inch long Jominy bar used for the 
cooling transformation diagrams and also for the standard 1-inch 
diameter Jominy bar and the new flat end-quench test. 

8. Data have been presented on the reproducibility of the cooling 
curves obtained by this laboratory. 

9. Isothermal transformations preceded by slow cooling have been 
investigated in the pearlite and bainite regions of SAE 4330 steel. 

10. It has been found that the pearlite reaction remains practically 
unaffected by prior slow cooling but the effect of such cooling upon the 
time to completion in the bainite region is very great. .The completion 
of transformation in this region progresses so slowly when the steel 
has cooled gradually to the isotherm that it is impractical to prevent 
martensite formation during the final cooling by transformation just 
above M,. 

11. The S-curve, hence, has been shown to invite misinterpreta- 
tion of the time-to-completion of the reaction in the bainite region of 
steels of high hardenability which have cooled slowly to isotherms 
located above but fairly near the M, temperature. 

12. Experimental results of the kind presented herein are desirable 
supplements to S-curves and Jominy tests in that they amplify the in- 
formation obtained by those methods. 
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THE INTERRUPTED QUENCH AND ITS 
PRACTICAL ASPECTS 


By Howarp E. Boyer 


Abstract 


The generally recognized advantages of martemper- 
ing as applied to treatment of low and medium carbon 
alloy steels may also be obtained with steels of the higher 
carbon types. Under certain conditions, however, the 
higher carbon steels exhibit a susceptibility to cracking 
not found in the other types during martempering nor in 
the high carbon steels when treated by the more conven- 
tional method of direct oil quenching from the austenitiz- 
ing temperature. 

This paper is a treatise on the interrupted quench 
only and does not in any way deal with isothermal trans- 
formation. The author's work on tempering the alloy car- 
burizing steels is briefly reviewed though principal atten- 
tion is given to the results of development work which has 
been done on the higher carbon low alloy steels. SAE 
52100 ball bearing type steel was selected for study after 
it was found to give results somewhat adverse to those 
which might be logically expected from the martempering 
practice. 


INTRODUCTION 


ARTEMPERING, which is the accepted term applied to the 
interrupted quenching method of hardening certain types of 

steels, has been received with increasing popularity since the start of 
World War II. Most metallurgists and heat treaters are quite 
familiar with the mechanics of this process which, briefly, consist of 
quenching rapidly from the austenitizing temperature past the knee 
of the S-curve to some temperature slightly above the Ms point where 
the parts, if properly quenched, will still be austenitic. After equaliz- 
ing at the temperature of the quenching medium, parts are allowed 
to cool slowly to room temperature. During cooling from Ms to Mf, 
martensite is formed at a fairly uniform rate throughout the section, 
since the temperature from outside to center had been equalized just 
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above the Ms point. The practical advantages of this process, which 
theoretically can be applied to any steels which can be hardened by 
quenching in oil and even in some cases to steels which normally 
require a water quench, are well known. It is obvious that less 
deformation will be encountered by taking advantage of the inter- 
rupted quench and certainly, by all logical reasoning, the finished 
parts should contain less unbalanced residual stresses, so that pre- 
mature failures should be fewer. 

The author’s original work with this process dates back about 
three years. At that time, we were doing a great deal of develop- 
ment work on the carburizing and hardening of high alloy carburiz- 
ing steels. It was proved conclusively that alloy steels of the car- 
burizing types could be martempered not only with less deformation, 
less retained austenite and with cleaner surfaces, but also that the 
process was much cheaper, since a long diffusion cycle after gas 
carburizing as well as difficult cleaning operations could be elimi- 
nated. 

After this process worked out to such advantage for the alloy 
carburizing steels, we began to apply it to the medium carbon alloy 
types such as SAE 4140 and 6150 with equally desirable results. 
With entire absence of failures up to this point, it was understand- 
able that we came to regard martempering as a “cure all” and to 
apply it to other steels of the oil hardening types. 

No difficulty was encountered until we attempted to martemper 
SAE 52100 steel on a mass production basis but after a short time 
we encountered cracking on a large scale making it necessary to dis- 
continue the process immediately for this particular steel. Investiga- 
tion showed, surprisingly, that parts made from the same bars and 
austenitized under the same conditions would not crack when 
quenched in oil, but would show extremely bad cases of stress- 
cracking either immediately after the air cool from the salt quench 
or during the subsequent tempering operation. 

Such findings started an investigation which has been carried on 
over several months. The problem, for practical purposes, has been 
entirely solved though there is apparently a great deal yet to be 
learned about applying the interrupted quench to steels of the high 
carbon types. The author frankly admits that some of the conclu- 
sions given in this paper are based on limited development work, so 
that the door is left open for further research. It is to be hoped 
that the data given will not only be of practical value to others who 
use or hope to use martempering but also that they will invite further 
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efforts to obtain fundamental information on a process which prom- 
ises to be extremely valuable. 


PROCEDURE OF INVESTIGATION 


After it was definitely proved that, at least under certain condi- 
tions, SAE 52100 steel was more susceptible to cracking when mar- 
tempered than when treated by the more conventional method of oil 
quenching, a rather elaborate program of investigation was immedi- 





Fig. 1—Photograph of Cylinder Made of SAE 52100 
Steel, Cracked in Martempering. Actual size. 


ately planned. This project was set up in an attempt to learn what 
condition or combination of conditions had caused such very unex- 
pected results. In order to make this project quite complete, it was 
necessary to give consideration to all of the possible variables which 
normally occur in heat treatment and, in addition, the variables added 
by this relatively new method of quenching. 

Fig. 1 well illustrates the type of cracks which were encountered. 
This photograph is an end view of a hardened cylinder, approxi- 
mately actual size. This test piece was austenitized in an atmosphere- 
controlled furnace at 1550 F (845 C), quenched in an agitated salt 
bath at 450 F (235 C), held for 7 minutes and cooled in air to room 
temperature. The cracking occurred a few minutes after the piece 
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had reached room temperature. The magnaflux indications show the 
crack-pattern very clearly. 

The various factors which were thought to have some possible 
bearing on the cracking and which were thoroughly investigated 
singly, as well as in some combinations, are listed as follows: 

1—Chemical composition of the steel. 

2—NMicrostructure of the bar steel. 

3—Carburizing atmospheres. 

4—Decarburizing atmospheres. 

5—Overheating. 

6—Underheating. 

7—Effects of agitation in martempering bath. 

&—Chemical composition of salt quenching bath. 

9—Ms point location. 

10—Hardenability—martempering versus oil quenching. 

11—Holding time in the martempering bath. 

12—Cooling rate from martempering bath. 

13—Percentage of retained austenite—martempering versus oil 
quenching. 


Results which have been obtained upon the investigation of these 
various factors as listed above are discussed individually in the fol- 
lowing paragraphs. Again it should be stated that the results are 
given exactly as we have found them so far, though further research 
might possibly cause some of the conclusions given later in this paper 
to be altered, or at least modified. 


DIscuSSION OF INVESTIGATIONS AND RESULTS 


Chemical Composition of the Steel—Since SAE 52100 will usu- 
ally harden completely through a l-inch round section after oil 
quench, it is generally classed as a deep hardening steel. The deeper 
hardening steels are usually more sensitive and susceptible to crack- 
ing from mishandling or changes in chemical composition. It was 
logical therefore to suspect that either some of the specified elements 
were outside prescribed limits or that possibly some unsuspected re- 
siduals had reached high percentages. Chemical analysis was made 
on test pieces which had cracked from martempering in comparison 
to others which were hardened by oil quenching and did not crack. 
Carbon, chromium and other specified elements were found to be 
well within the commercial limits. Spectrographic analysis showed 
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Fig. 2—Carbide Segregation in Hardened SAE 52100 Steel. Vilella’s martensitic 
reagent. xX 1000. 


only small residuals of molybdenum and copper. The nickel content 
was found to be less than 0.15% which would not be considered as 
harmful. After such investigation it seems logical to conclude that 
the chemical composition indicated no reason for increased tendency 
to stress cracking by the martempering process. 

Microstructure of the Bar Steel—Metallurgists and heat treaters 
who are accustomed to processing steels of this type are thoroughly 
acquainted with the dangers involved from heat treating parts made 
from steels of varying microstructures. Microstructures having car- 
bide banding, lamellar pearlite, or coarse carbides are all far more 
susceptible to cracking than the more desirable finely spheroidized 
structures. Many pieces were examined by means of the metallur- 
gical microscope. None was found which could generally be re- 
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garded as extremely undesirable though some did show more than 
normal carbide segregation. 

Fig. 2 is a photomicrograph of a longitudinal section out from 
the cracked cylinder pictured in Fig. 1. This specimen was electro- 
lytically polished and etched in Vilella’s reagent. Many of the oil- 
quenched specimens showed conditions equivalent to this, but no 
cracking, so that no definite conclusions could be drawn as to why 
cracks should result from one type of quench and not from the other. 

Carburizing Atmospheres—In order to determine just what 
effects a carburized surface might have on conditions after quench- 
ing we heated a large group of test pieces in an extremely rich 
atmosphere of cracked dipentene 1550 F for an abnormally long time. 
The pieces were carburized quite heavily as was shown by micro- 
scopic examinations. The surface showed a grain boundary outline 
of cementite to a depth of 2 to 3 grains. One half of this group 
of pieces were quenched in oil while the other half were martempered 
in the normal manner. No cracks were found from either type of 
quench. Though, of course, such malpractice would not be recom- 
mended, it certainly did indicate that carburizing was not a factor 
worthy of consideration as a possible answer to the problem. 

Decarburizing Atmospheres—Although decarburized parts have 
usually been thought to be less rather than more susceptible to crack- 
ing it was felt that to complete the investigation this possibility should 
also be thoroughly checked. A group of test pieces was heated in 
the normal manner except that the prepared atmosphere was shut off 
entirely, so that the pieces were scaled and showed almost complete 
decarburization to a depth of 0.010 to 0.015 inch. As in the case of 
the carburizing experiment, one half were quenched in oil while the 
others were martempered in the normal manner. No cracks were 
found by either method of quench, so that no further investigating 
was done along this line. This merely proved decarburization to 
be undesirable for the well known reasons, but apparently does not 
increase the sensitivity to cracking. 

Overheating—tThe practice of holding the higher carbon steels at 
the austenitizing temperature for extremely long periods of time or 
at temperatures higher than necessary has long been agreed upon 
to be detrimental, at least for most practical purposes. It is granted 
that for certain special purposes it may be quite advantageous to 
austenitize SAE 52100 at temperatures somewhat higher than 1550 F 
(845 C) in order to obtain a greater percentage of carbide solution 
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and subsequently a higher Rockwell hardness after the quench. This 
higher hardness, however, is gained only at the sacrifice of consider- 
able impact value. For example, it has been the author’s experience 
that SAE 52100 austenitized at 1550 F (845 C) quenched in oil and 
tempered at 250F (120C) will result in a hardness of Rockwell 
C-65 and an impact value of 12 to 15 ft-lbs (unnotched Izod bars). 
If, however, the austenitizing temperature for the same steel is in- 
creased to 1625 F (885 C), quenched in oil and tempered at 250 F 
the hardness will be about Rockwell C-67 while the impact value will 
have dropped to 4 to 6 ft-lbs. These conditions are, of course, caused 
by growth of the austenitic grain and by the matrix being extremely 
rich in dissolved carbide. 

It was in this part of the series of experiments that the author 
was first able to duplicate the stress-cracking condition illustrated in 
Fig. 1. By increasing the austenitizing temperature to 1600 F 
(870 C) or above it was found that a large percentage of the pieces 
quenched in the martempering bath were cracked after cooling to 
room temperature while no signs of cracking were found in those 
heated at the same time, but quenched in oil. Such findings then 
led to considerable more research work in order that a logical ex- 
planation could be found. Results of further work which did offer 
such an explanation are given later in this paper. 

Underheating—While it is usually agreed that heating for 
periods of time too short or at temperatures too low merely results 
in low hardness values and shallower hardening, but with increased 
toughness, it was deemed desirable to explore this possibility also. 
Various cycles were tried in atmosphere-controlled furnaces as well 
as a neutral salt bath. Pieces heated for extremely short lengths of 
time at temperatures of 1450 to 1500 F (790 to 815 C) showed abso- 
lutely no signs of cracking irrespective of the type of quench used. 
Some of these test pieces showed hardness readings of Rockwell C-40 
to 60 which indicated that the degree of carbide solution varied over 
a wide range. Actually the results from this part of the experiment 
only eliminated one more possible contributing factor. 

Effects of Agitation in the Martempering Bath—lIt is the tend- 
ency of SAE 52100 to transform rapidly from austenite when aus- 
tenitized in the normal temperature range of about 1550 F (845C). 
Therefore, when the martempering practice is employed it is neces- 
sary to quench into a highly agitated bath, so that the parts will be 
cooled through the gate of the S-curve, in 3 seconds or less, and 
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Fig. 3—Isothermal Si cee Diagram for SAE 
52100 Steel.* 


the formation of pearlite avoided. The S-curve for SAE 52100 
austenitized at 1550 F (845(C) is illustrated in Fig. 3 (see foot- 
note*). In order to obtain a cooling rate sufficiently rapid for mar- 
tempering on a production basis it was necessary to employ vigorous 
agitation. By using mechanical stirring in combination with dry 
compressed air, rapid agitation in the vertical as well as the horizontal 
direction was obtained. It hardly seemed logical that overagitation 
could be a contributing factor to cracking, since it is, at least theo- 
retically, impossible to cool any steel too fast if the Ms point is not 
passed. Nevertheless this angle was thoroughly investigated. Re- 
sults proved conclusively that, all other factors being equal, no greater 
percentage of cracked specimens could be obtained with vigorous 
agitation than with mild agitation. 

Chemical Composition of Salt Quenching Bath—Since the pat- 
tern of cracks obtained on some of the test pieces suggested the pos- 
sibility of stress corrosion cracking, the condition of the salt in the 
martempering bath was also thoroughly investigated. Since the bath 


had been bailed and replenished at regular intervals the possibility 


*From Atlas of Isothermal Transformation Diagrams by United States Steel Corp. 
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of the salt itself being a contributing factor seemed rather remote, 
but nevertheless worthy of investigation. Analysis of the salt showed 
it to be slightly on the alkaline side but it was not regarded as being 
unusual in any respect by the manufacturers of the salt. To prove 
further that the salt condition was probably not a contributing factor 
test pieces were quenched into the salt bath at 500 F (260C) and 
allowed to remain for periods of time ranging up to 24 hours. Not 
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Fig. 4—Effect of Austenitizing Temperature 
on Ms Point. ; 


in any case did signs of chemical attack appear on the test specimen 
which might have contributed to cracking. 

Ms Point Location—Since the rate of cooling by quenching in 
salt is extremely rapid it seems logical that cracking might be likely 
to occur if the temperature of the quenching bath was held below 
the Ms point. The reasoning in this case is, of course, that if the 
bath temperature was below the Ms point martensite would start to 
form before the temperature had become equalized throughout the 
section and might thus approximate conditions obtained in a direct 
water or brine quench. After it had been found in previous work 
that the temperature of the austenite to martensite transformation 
is very much a function of the austenitizing temperature it seemed 
necessary to determine the exact Ms point location, as well as to have 
a clearer conception of the rate of transformation below the Ms point. 

Fig. 4 illustrates the result of this investigation. This chart 
shows Ms point plotted against austenitizing temperature. The 
author realizes that this line may not be 100% accurate, but should 
be close enough to meet practical requirements. The Ms points fall 
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in a straight line for the range of austenitizing temperature 1500 to 
1650 F (815 to 900C). ‘ The Ms point for SAE 52100 austenitized 
at 1500 F (815(C) is shown to be 525 F (275C) which then de- 
creases to about 375 F (190C) for an austenitizing temperature of 
1650 F (900 C). 

The above information was obtained by the use of round test 
specimens—2 inches long and ;% inch diameter, machined all over 
and held to close dimensional tolerances. This size was selected 
merely for convenience and was kept as a standard, because a change 
in dimensions would have made it necessary to make changes in the 
equipment used for measuring. The method of measuring the tem- 
perature at which the austenite started to transform to martensite 
was based on the magnetic and nonmagnetic properties of the alpha 
and gamma phases respectively. A standard magnetic comparator 
was rebuilt, so as to give greater sensitivity in the measurement of 
core loss. After adjusting the range of sensitivity of the apparatus 
it then became only a matter of installing it adjacent to the martem- 
pering bath so that the specimen could be removed from the bath, 
placed in a coil and measured within about 2 seconds. By the use 
of the specimen described above there was no difficulty in undercool- 
ing the test specimens to the temperature of the austenite to marten- 
site transformation thus assuring that they were absolutely austenitic 
in the martempering bath. One constant austenitizing temperature 
was selected and the time at this temperature and the time in the mar- 
tempering bath were kept constant. Specimens were then quenched 
into the salt bath which was held at a temperature well above the 
estimated Ms point. This procedure was then repeated except that 
the martempering bath temperature was lowered in 25 F steps until 
the temperature was found which showed the specimen to be slightly 
magnetic when removed from the salt quenching bath. The above 
procedure was then repeated for each austenitizing temperature in 
order to obtain the information as shown by Fig. 4. The Ms line 
in Fig. 4 shows the temperatures above which specimens were found 
to be absolutely nonmagnetic. It was easily proved by this method 
that the transformation from austenite to martensite is not abrupt, 
for even 25 to 50 F below the Ms line specimens were found to have 
transformed very slightly. - 

This information does indicate that the temperature of the mar- 
tempering bath is not extremely critical. Since the transformation 
is so slow in a specimen quenched somewhat below the Ms point it 
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hardly appears logical that this practice would be any major con- 
tributing cause to cracking. 7 
Hardenability—Martempering Versus Oil Quenching—Since it 
has long been accepted as a fact that deeper hardening steels are 
more susceptible to cracking than shallow hardening steels of similar 
chemical composition, it appeared necessary that the hardenability of 
SAE 52100 as quenched in oil should be compared with that of the 
same steel hardened by martempering. Test specimens 13 inch in 
diameter by 2 inches long were used for securing this information. 





Fig. 5—Hardenability of SAE 52100 Oil-Quenched 
Compared to Martempered. 


The reason in this case for the particular size was to obtain about 
the minimum size which would not harden throughout the entire sec- 
tion so that an accurate comparison of the hardenability could be 
made. Fig. 5 illustrates the average results obtained from several 
tests made by austenitizing the test specimen at 1550 F (845) and 
quenching into an agitated salt bath at 475 F (250C). As may be 
observed in Fig. 5 there is not a great deal of difference though the 
oil-quenched specimens definitely showed a slightly higher surface 
hardness as well as somewhat greater depth. The oil-quenched speci- 
mens showed an average hardness of Rockwell C-66 at the surface 
and dropped to Rockwell C-62 at the center of the 13-inch diameter. 
The martempered specimens showed an average surface hardness 
of Rockwell C-64 which then dropped to Rockwell C-58 in the center 
of the same size section. As would be expected, both specimens, 
when examined microscopically, showed fully martensitic structures 
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near the surface but considerable quantities of the structure com- 
monly known as “quenching pearlite” in the center areas. 

Holding Time in Martempering Bath—There have been nu- 
merous publications in the past showing the length of time necessary 
to hold various sizes of parts at the martempering temperature be- 
fore air cooling. Since, however, such an extensive investigation 
was carried on, it was found desirable to also check this factor as it 
may be considered a variable in the martempering process. 





20 
Time, Minutes 30 
Fig. 6—Effect of Time in Martempering Bath on Hardness. 


For this part of the project test specimens 2 inches long by % 
inch in diameter were used. The austenitizing temperature of 1550 F 
(845 C) with, time at the austenitizing temperature and temperature 
of the martempering bath were held as constants. The varying 
factor was, of course, the time at 475 F (245 (CC). 

Fig. 6 illustrates the results obtained in holding these specimens 
for lengths of time varying from 1 to 30 minutes with respect to 
Rockwell C hardness. It is very apparent from results shown on 
this chart that the holding time is not critical, at least, with respect 
to obtaining full hardness. For a %-inch round section it is very 
apparent that full hardness is possible using any holding time between 
5 and 15 minutes. After approximately 15 minutes isothermal trans- 
formation begins which, of course, lowers the hardness rather rapidly. 
There was no indication that variations in the martempering time 
tended to make any difference in susceptibility to cracking. Of 
course, if some hardness can be sacrificed, there is no doubt but what 
parts can be produced which are less susceptible to cracking, and 
much tougher, but this comes from the isothermal transformation to 
bainite which is not discussed in this paper. 

Cooling Rate From Martempering Bath—There is no doubt that 
parts made of SAE 52100 are extremely sensitive to sudden cooling 
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Fig. 7—Carburized Case of E-3316 After Martempering. Vilella’s martensitic 
reagent. X< 350. 


upon removal from the martempering bath and during the time inter- 
val in which martensite is formed. In the martempering of the 
alloy carburizing steels it has not been an uncommon practice to 
quench parts into hot water soon after removal from the martemper- 
ing bath. This is usually done to aid removal of salt. The author 
has never yet observed the carburizing steels to show any tendency 
to cracking from this practice. In the case of SAE 52100, however, 
the situation is entirely changed. It has been found to be extremely 
dangerous to use any method of cooling which is more rapid than 
still air. Water quenching from the martempering bath is almost 
certain to crack parts 100%, while cooling in oil or an air blast also 
tends to cause cracking. By checking time against transformation 
it has been found that at least 15 minutes per ™% inch of section is 
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_ Fig. 8—Same Material and Heat Treatment as Shown in Fig. 7 Except Oil 
Quenched. Vilella’s martensitic reagent. Xx 350. 


required for transformation to be completed when cooled in still air. 
When cracking was first encountered, however, the work was being 
cooled in still air from the martempering bath, so that it hardly seems 
that cooling too fast through the martensite formation range could 
have been the entire cause for the difficulty. 

Percentage of Retained Austenite—Martempering Versus Oil 
Quenching—A difference in the amount of austenite retained from 
the two methods of quenching was suspected earlier in the investiga- 
tion as being a probable contributing factor to cracking. The basis 
for this theory came from data collected by martempering carburized 
SAE 3316 steel. It was found that there was definitely far less tend- 
ency to retain austenite in this type of carburizing steel by using the 
martempering method of quenching as compared to oil quenching. 

Figs. 7 and 8 illustrate this condition quite clearly. Fig. 7 is a 
photomicrograph of the edge of a carburized and hardened case on 
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Fig. 9—Specimen Cracked by Martempering. Vilella’s martensitic reagent. 
x 1500. 


SAE 3316. This specimen was gas-carburized at 1650 F (900C), 
temperature lowered to 1450 F (790C), quenched into salt bath at 
450 F (230C) and cooled in air from 450 F. The hardness of this 
specimen is Rockwell C-63. Obviously this specimen contains very 
little retained austenite. 

Fig. 8 shows a specimen of the same steel heat treated in ex- 
actly the same manner except that it was quenched in oil. The high 
percentage of retained austenite is quite obvious in the surface. 
Hardness of the specimen in Fig. 8 is Rockwell C-58, but with an 
extremely low superficial hardness. Since it was well proved that 
one type of steel had far less tendency to retain austenite by mar- 
tempering it seemed reasonable to believe that other types might 
react in a similar manner and that possibly a relatively quick and 
complete transformation of austenite to martensite was not desirable 
in many cases. During all this investigation many microstructures 
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were carefully studied though most of them did not seem to reveal 
any unusual conditions. One of them which was purposely austeni- 
tized at 1600 F (870C) is shown in Fig. 9. 

Fig. 9 shows this microstructure at * 1500. There appear to be 
some martensitic cracks when the magnification is increased to 3000 
though it is difficult to be certain. By employing the same equipment 
as was used for locating the Ms points the author was able to deter- 
mine quickly the amount of gamma phase present after the quench. 
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Fig. 10—Per Cent Retained Austenite After Oi] Quenching as 
Compared to Martempering. 


To accomplish this, it is merely necessary to use known standards 
and then have all specimens made to the dimensions of the standards. 
The standard assumed to be 100% alpha was a specimen of fully 
annealed SAE 52100 while a piece of 18-8 stainless steel fully 
annealed and of the same physical dimensions was used for the 100% 
gamma standard. The data obtained from checking many test speci- 
mens against these standards, after quenching, are shown in Fig. 10. 
This shows the condition which was suspected early in the investiga- 
tion. As shown on this chart the amount of retained austenite is 
10% or less of the total volume using austenitizing temperatures up 
to 1550 F (845 C), irrespective of the type of quench used. As the 
austenitizing temperature is increased above 1550 F (845 C) the lines 
quickly part showing that the oil quench retains considerably more 
austenite as the austenitizing temperature is imcreased while the 
tendency is for the per cent of austenite to remain about the same in 
case of the martempered specimen. It is the writer’s theory that 
most of the real answer to the cause for cracking is shown on this 
chart. It is obvious that the percentage of retained austenite in 
parts after quenching is a major governing factor in the susceptibility 
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to subsequent cracking caused by residual stresses. This is only logi- 
cal since retained austenite, due to its plasticity, will have a cushion- 
ing effect during the period of time in which martensite is formed. 
All evidence points to an overheated condition being the cause of the 
original cracking which was experienced prior to the time of this 
investigation. It is apparent that the actual furnace temperature 
was higher than indicated by the control instruments. 


CONCLUSION 


It is the author’s opinion that the higher carbon low alloy steels 
such as SAE 52100 can be hardened successfully and advantageously 
by the martempering method. To accomplish this, however, it is ab- 
solutely necessary to have good equipment and careful control. The 
detrimental effects of malpractices such as overheating are more 
obvious when the martempering practice is used. Parts austenitized 
under identical conditions are less likely to crack when oil-quenched 
due to the higher percentages of retained austenite after quenching. 

It is not the policy of the author to recommend any particular 
equipment. As far.as has been found either an atmosphere-con- 
trolled furnace or neutral salt bath is quite satisfactory for the aus- 
tenitizing operation prior to martempering. The author does strongly 
recommend, however, that if an atmosphere-controlled furnace is 
used, it should possess good circulation, otherwise there may be 
portions which will overheat and eventually lead to failure. 

The author would also recommend that anyone contemplating 
the installation of equipment for martempering the higher carbon 
steels should develop the process carefully in their own plant, in order 
to avoid failures which might ordinarily be charged to some inher- 
ent weakness of martempering. 
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Written Discussion: By F. R. Morral, Metal Trades Laboratory, Tech- 
nical Service and Development Division, American Cyanamid Co., Stamford, 
Conn. 
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The author points out in his interesting paper the necessity of control and 
the ill effects of overheating. He makes definite recommendations to avoid the 
latter in atmosphere-controlled furnaces. A brief review of the features of salt 
baths may be in order here. 

1. Ease of control of temperature of the bath in electrode-type furnaces. 

2. Uniformity of temperature throughout the bath. 

3. The temperature of the surrounding salt automatically determines the 
maximum temperature attainable by the steel. This makes also for uniform 
heating between dissimilar sections. 

4. Speed of heating in salt. Approximately four to six times faster than in 
atmosphere furnaces. 

5. The adhering salts provide a protective film during transfer to quench 
bath. 

6. Scale-free hardening. 

7. Equipment and operation of electrode-type furnaces, where control is 
paramount, are simple. 

Written Discussion: By J. G. Christ, section engineer, Metallurgica) 
Section, Nuttall Works, Westinghouse Electric Corp., Pittsburgh. 

Mr. Boyer has done an excellent job of determining the cause of cracking of 
SAE 52100 steel during martempering. It is practical experimentation of this 
nature that adds to our working knowledge and that does much to establish the 
limits as well as the virtues of a given process. 

Mr. Boyer makes the statement that decarburized parts are less rather 
than more susceptible to cracking. I have heard a number of outstanding men in 
the metallurgical field disagree as to the effect of decarburization on the cracking 
of steel. Although it is somewhat away from the subject of this paper, I would 
appreciate Mr. Boyer’s elaborating on his statement concerning decarburization. 

Mr. Boyer’s graph of hardness versus holding time in the martempering 
bath is very interesting and should be of value to companies doing martempering. 
It clearly shows that withdrawing the work too soon can be harmful. 

Near the latter part of his paper, Mr. Boyer states that hot water quenching 
from the martempering bath is generally satisfactory for most steels. It should 
be remembered that even this may result in some undesired distortion and in 
setting up some stresses. 

Written Discussion: By Paul C. Farren, president, Springfield Heat 
Treating Corp., Springfield, Mass. 

It appears that the author has sounded a timely note of warning which may 
save some of us from the headaches caused by a very human tendency to con- 
clude, too generally, that certain new processes may be applied indiscriminately 
to the solution of our problems. 

No doubt this paper will set the stage for widespread investigation to 
determine the precautions necessary to avoid trouble in the relatively new 
process known as “martempering”. 

The. following quotation is from United States Steel “Atlas of Isothermal 
Transformation Diagrams,” p. 13: 

“In using the diagrams one should bear in mind that the composition of the 
steel, as determined by chemical analysis, sets only the general pattern of the 
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curve; the actual behavior of a given steel is influenced significantly by the 
grain size and degree of homogeneity of the austenite and by its actual composi- 
tion which may differ from its nominal composition because of the presence of 
undissolved carbides or of other phases. For this reason, if a chart is to be used 
as a guide to the practical heat treatment of a steel of like composition, proper 
attention must be paid to both temperature and time in the austenitizing part of 
the schedule, so as to insure a correspondingly homogeneous austenite phase 
and a grain size differing little from that to which the diagram specifically 
refers.” 

The conventional S-curve is constructed with a particular austenitizing 
temperature and there seems to be no definite agreement as to the relation 
between this austenitizing temperature and the Aes temperature representing the 
point above which the austenite becomes stable. The time factor above Aes and 
its effect upon grain size and actual austenite composition appears to be neglected. 

The present paper shows quite clearly the need for further work in this 
respect and it would seem to me that, for many steels, a complete picture would 
involve a series of S-curves over a range of austenitizing temperatures and with 
time at temperature being given due consideration. Such a series of S-curves . 
should help to define the relationship between austenitizing procedure and the 
location of Ms points as attempted by the author in Fig. 4. 

The method of determination of retained austenite appears to offer numerous 
advantages over the more conventional but time-consuming methods now in 
general use and the author deserves commendation for this development. It is to 
be hoped that he may see his way clear to make available to others further 
details of the equipment used. 

In conclusion I should like to ask the author if there were noticeably more 
service failures among the oil-quenched pieces due to subsequent spontaneous 
dimensional changes which might be expected in parts with higher amounts of 
retained austenite. 

Written Discussion: By H. G. Johnstin, metallurgical engineer, Vanadium- 
Alloys Steel Co., Latrobe, Pa. 

Upon reviewing Mr. Boyer’s paper, I am certain that one is impressed by 
the many phases of testing employed in attempting to establish the absolute 
reason for failure by cracking in parts made from SAE 52100 steel. 

In referring to the curve presented in Fig. 10, it can be observed that at 
temperatures in excess of 1550 F (845 (CC) there is a definite trend for a greater 
amount of austenite to be retained with oil quenching than is found through 
using a martempering treatment. The percentage of austenite produced in 
martempering holds practically constant with change of hardening temperature. 
However, the amount of austenite after oil quenching at 1600 F (870C) is only 
3% greater and at 1650 F (900C) 4% greater than after martempering. This 
scarcely seems sufficient to totally account for the cracking, since the steel when 
subjected to martempering at these temperatures contains as much as 11% 
austenite. 

Mr. Boyer has pointed out, under the caption of Overheating, that this 
grade of steel, if austenitized at 1625 F (885 C) and tempered to 250 F (120C), 
will have impact values considerably lower than when austenitized at 1550 F 
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(845 C) and subjected to the same degree of tempering, which he attributes 
largely to a difference in austenitic grain size. Since SAE 52100 is susceptible to 
grain coarsening at temperatures above 1550 F (845 C), I would like to ask the 
’ author whether any record was made of grain size at the elevated temperatures. 

It. has been the experience of our Laboratory that in attempting to harden 
larger sized sections of SAE 52100 to hardnesses of Rockwell C-63 or better by 
using an oil quench from 1600 to 1650F (870 to 900C), failure was often 
encountered by cracking which could be attributed to the grain of the steel 
having coarsened. We have found that through slightly adjusting the compo- 
sition of 52100 by lowering the manganese content and adding a small percentage 
of vanadium the difficulty could be readily overcome. 

Written Discussion: By Harold J. Babcock, research engineer, Ajax 
Electric Company, Inc., Philadelpina. 

According to Fig. 10, at an austenitizing temperature of 1550 F (845C), 
there is the same percentage of austenite retained whether an oil or a martemper- 
ing quench is used. The observations concerning the cushioning effect of retained 
austenite, during the time in which martensite is formed, would apply only if the 
steel is overheated during the preparation for hardening. Whatever benefit may 
have been derived by use of an oil quench would be seriously offset by the 
accelerated increase in retained austenite when the steel was heated above 1550 F 
(845 C). The internal stressed condition in such a structure presents a problem 
of its own which might be concealed by use of an oil quench where conditions of 
equipment permitted overheating. The martempering quench apparently gave 
immediate warning by the quench cracking that a local overheating was occurring 
during austenitization. 

The author says he tried various cycles in a neutral salt bath as well as in 
an atmosphere furnace at temperatures of 1450 to 1500 F (790 to 815C). I am 
interested to learn why he did not explore the temperature range above 1500 F 
(815C). Time at temperature above 1550 F (845 (C) is the prime cause in this 
problem of surface cracking. The effect of radiant heat in a hearth-type furnace 
would produce local overheating beyond the control of the furnace thermocouple. 
In a salt bath, no part of the charge is exposed to a source of heat higher than 
that of the molten salt in which the steel is immersed. Furthermore, a salt bath 
will heat metal in approximately one-quarter the time required in a hearth-type 
furnace. 

How did the author solve his problem and obtain control of the austenitiz- 
ing temperature? 

The author is to be complimented on the thorough manner in which he 
investigated the factors involved in this interesting martempering application. 

Written Discussion: By Carl G. Johnson, associate professor, Worcester 
Polytechnic Institute, Worcester, Mass. 

The practical importance of Mr. Boyer’s paper, which deals largely with 
the problem of cracked parts made from SAE 52100 upon martempering, will be 
obvious to all readers. I believe the author has uncovered the cause of failure 
by cracking, i.e., more martensite being formed during martempering than during 
oil quenching of similar sections of 52100 steel. However, I am disappointed in 
his findings on hardenability, martempering versus oil quenching, as shown by 
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Fig. A—Photomicrograph of SAE 52100 Steel. Cracked part martempered at 450 F, 
7 minutes. Etched in 2% nital. x. 250. 

Fig. B—Photomicrograph of SAE 52100 Steel. Cracked part martempered at 450 F, 
7 minutes. Etched in 2% nital. xX 1000. 


Fig. 5. It would be interesting to know whether or not the sections that 
cracked during martempering were of such design and section to fully harden 
and develop a uniform hardness throughout. If these sections hardened less 
uniformly than the oil-quenched parts | would expect that the author should 
add this variable to the 13 listed in this paper. 

I have experienced cracking of alloy steels that have been subjected to hot 
salt bath quench (martempering). Cracks have developed in both high speed 
steels and the oil hardening grades of tool steel. The type of cracks developed 
would lead the observer to believe the parts have been cracked during a grinding 
operation when no grinding had been applied to the parts. In the case of the 
high speed steels the cracks appeared when the surface of the tools had been 
carburized by the quenching bath. Also, any microscopic examination of steels 
subjected to a hot salt quenching media will reveal a surface action that I have 
named “the dark layer”. This “dark layer” seems to form a network effect along 
the surface layers of the steel and, I believe, forms a marked notch-brittle 
condition that under certain conditions might lead to the type of stress cracks 
developed by the martempering process. Perhaps this “dark layer” and net- 
work condition is due to the action of the molten salt bath containing cyanide 
salts. This “dark layer” and network is illustrated in Figs. A and B. These 
photomicrographs were taken of a part made from SAE 52100 which cracked 








230 TRANSACTIONS OF THE A. S. M. Vol. 38 


after heating to 1550 F (845 C) and quenching into a molten salt bath held at 
450 F (230C) for 7 minutes. The author seems to have eliminated the action 
of the salt bath as a cause of cracking by the 24-hour soak at 500 F (260C), 
but this treatment resulted, no doubt, in an isothermal change and would have 
changed the final results as far as obtaining the maximum hardness and served 
to reduce the sensitivity to cracking. It would seem to me that in order to 
avoid or prove that the action of the salt was not a factor another type of 
quenching media could be used such as a metallic bath. 

Written Discussion: By R. V. Grimm, Metallurgical Department, Steel 
and Tube Division, The Timken Roller Bearing Co., Canton, Ohio. 

The author has presented some very practical and useful information 
concerning the interrupted quench as it applies to constructional alloy steels 
and especially the SAE 52100 type. There are a few points made in regard to 
this latter steel that we feel warrant further consideration. 

The author mentions that SAE 52100 steel will usually harden completely 
through in a 1-inch round section after oil quenching. 

It is the writer’s opinion that 52100 steel is generally accepted as a shallow 
hardening steel, and is not capable of producing full hardness throughout on 
sections much larger than ¥% inch. 

Of course, the depth of hardening is to a considerable degree dependent 
upon the prior structural condition, which feature is not specifically covered by 
the author. 

The information obtained regarding the per cent austenite retained on oil 
quenching versus martempering is very interesting and undoubtedly merits 
more investigation regarding the reasons for this phenomenon. 

It is the writer’s opinion that retained austenite can very readily cause 
cracking and would also like to point out that austenitizing temperatures in 
excess of 1550 F (845C) are not considered good practice for the hardening 
of 52100 steel. 

It was also noted, in the case of martempering carburized parts, that no 
cracking was obtained where parts were quenched into hot water soon after 
removal from the martempering bath, while 52100 parts cracked 100%. Inasmuch 
as the carbon content of carburized parts and 52100 is practically the same, would 
it not be logical to expect them to behave similarly ? 

The writer is in agreement with the conclusions reached and believes this 
paper should be very useful to anyone interested in the martempering process, 
especially those people in the ball bearing industry, where SAE 52100 steel has 
its largest application. 

Written Discussion: By Harry W. McQuaid, consultant, Cleveland. 

A paper of this kind is one which becomes at once of interest to many ASM 
members because of its real practical value to those directly interested in heat 
treating. Every encouragement should be given to the writing of papers like 
this one, because of their value in everyday operations, and because they fulfill, 
in the most practical way, the principal purpose of the ASM. 

Like other important developments, some time will be required to develop 
the limitations in the application of martempering of which this is an example. 
There is no doubt but what martempering will become one of the most used 
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methods of hardening alloy steel, since it offers a method of controlling warpage 
and achieving valuable properties not possible in any other way. 

There is no doubt but what we should be careful in making any general 
statement that a given quench (usually because it is slower) will result in any 
less inherent stresses than another. I know that, in the quenching of armor 
piercing shot, under certain conditions the oil-quenched shot showed a much 
greater tendency to crack than when the quench was water. 

In the case of SAE 52100 steel, we are dealing really with a steel in a state 
of unstable carbide solution where the actual carbon in solution when quenched 
depends on the previous degree of spheroidization, the temperature, and time to 
develop the austenite in the part as quenched. Two curves in Mr. Boyer’s paper 
are of interest in this connection, Figs. 4 and 10, and those depend, I would 
think, on the size and dispersion of the carbide particles at the time of heating 
for solution. Probably, the annealing of no other steel has been given so much 
attention in order to obtain a definite carbide size and dispersion as the 
SAE 52100 and this is a principal factor in its behavior in heating for quenching. 

Because of the time required for solution of the larger spheroids of carbide 
in a steel containing chromium it is possible by varying the temperature and the 
time at temperature to vary greatly the carbon in solution in the austenite at the 
time of quench. Thus, we have what is to all interests a steel whose carbon 
content, as far as quenching is concerned, is directly related to the melting 
practice, the annealing cycle and the time and temperature of heating for 
quenching. It is this variation in carbon due to temperature differences that 
accounts for the slope of the line in Fig. 4. 

Apparently, the martempering differs from the oil quench as far as internal 
stresses are concerned, principally in the fact that the transformation is de- 
pressed below room temperature so that ductile austenite is retained after 
quenching. The higher the content of carbon in solution, the more retained 
austenite in the as-quenched piece. This leaves two questions to be answered: 

(a) Why does the martempering operation result in such high internal 
stresses, and (b) how can we eliminate these stresses? 

Stresses of this type must be due to nonuniform transformation and espe- 
cially due to an important difference in time between martensite formation near 
the surface and in the center of the quenched mass. My opinion would be that 
the stresses present in the martempered specimens are due to a difference in the 
degree of spheroidization or rate of carbon solution between the center section 
and the surface zone of the bars from which the parts tested were made. Thus, 
I would expect that the carbides were smaller and less spheroidized in the 
center than nearer the surface so that we would have, at the time of quenching, 
essentially a duplex steel which is high carbon in the center and lower carbon 
near the surface. Then we would have, as indicated in Fig. 4, a lower tempera- 
ture and hence a delayed transformation to full martensite in the center with the 
resulting introduction of high stresses on full cooling. 

The correction would then lie in obtaining a uniform carbide dispersion 
and spheroidization throughout the bar section. 

Spheroidization is an important factor in the machining of this grade of steel 
and to obtain uniform spheroidization throughout is not a simple problem in bars 
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of any section, and extremely difficult in bars over 2 inches in diameter. The 
answer to this problem arrived at by Mr. Boyer seems simple but means that 
the metallurgist is always faced with the possibility of some slip-up. At 
present, it seems the logical way out. 

As a suggestion, it might be worth trying to requench, by transferring from 
the martempering bath into boiling water and to hold in the water long enough 
to insure complete uniformity of temperature. This would be an attempt to 
equalize the temperature throughout the part at a point where transformation 
will be proceeding almost to completion in all parts of the mass-where now it 
must be nearly finished near the surface before it has made much progress near 
the center. This is one way of saying that in a steel combining two carbon 
ranges, we should be careful to suit the martempering to meet the requirements 
of the high carbon zones and perhaps the second quench in boiling water will 
do this in your case. Perhaps a higher temperature than 212 F is necessary. A 
similar arrangement of two steps in martempering might give some improvement 
in certain carburized high alloy grades of steel. 

Written Discussion: By L. D. Jaffe, metallurgist, Watertown Arsenal, 
Watertown, Mass. 

At first glance, Figs. 7, 8 and 10 of this paper seem most disturbing, for it 
has long been established that the extent of the transformation of austenite to 
martensite (at any fixed temperature below the Ms) is greater the faster the 
cooling rate in the martensite range.** One would then expect that the per cent 
of retained austenite would be less in an oil-quenched specimen than in one air- 
cooled through the martensite range in the martempering process. Figs. 7, 8 
and 10, on the contrary, indicate a larger percentage of retained austenite in the 
oil-quenched specimen. 

The explanation of the discrepancy, for Fig. 10, can probably be found in 
Fig. 3. This figure indicates that holding the SAE 52100 for 7 minutes at 450 
or 475 F (230 or 245 C) would cause half the austenite to transform isothermally 
to bainite. This, clearly, would reduce the per cent of austenite left after 
subsequent cooling to room temperature. The lower bainite would be difficult to 
distinguish from martensite under the microscope. 

Would the author give the values of the magnetizing force and flux density 
used in deriving Fig. 10? If these were not high enough to insure magnetic 
saturation, it is possible that the difference found between the martempered and 
oil-quenched specimens was due not to retained austenite but simply to more 
residual stress and strain in the oil-quenched specimen. It is well known that 
residual strains markedly decrease the magnetic permeability at flux densities 
below saturation. 

The difference between Figs. 7 and 8 also may arise from a greater per cent 
of isothermally formed lower bainite in the latter. Another explanation is that 


1j. A. Matthews, “Austenite and Austenitic Steels,” cveneredieee, American Institute 
of a and Metallurgical Engineers, Vol. 71, 1925, p. 568-5 
Hanemann and H. J. Wiester, “Martensite actin in High-Carbon Steels" 
(in aaa Arch. Eisenhiittenw., Vol. 5, 1932, p. 377-382. 
*S. S. Steinberg and V. I. Zyuzin, “Transformations of Austenite in Plain Carbon 
ae es. — Steels at Low Temperatures” (in Russian), Metallurg, Vol. 11, 
vo. 1 P . 


‘J. H. Hollomon, L. D. Jaffe and D. C. Buffum, “Stabilization in the Austenite- 
Martensite Reaction.” To be published. 
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martensite, formed while the specimen of Fig. 7 cooled slowly from the mar- 
tempering temperature, tempered during this cooling, and so etched dark. The 
martensite of the carburized case in Fig. 8 was cooled rapidly during the oil 
quenching, may have had no chance to temper, and so may have etched light in 
Vilella’s reagent. 

If the percentage of retained austenite was, in fact, less in the martempered 
specimens of SAE 52100, this may, as the author points out, account for the 
difference in tendency to quench-crack. An alternative explanation is that the 
bainite presumably present in these specimens was less resistant to brittle failure 
than the martensite of the oil-quenched specimens. 

Written Discussion: By J. W. Spretnak, Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. 

The author has presented an interesting observation on the martempering 
of SAE 52100 steel. This is a treatment that is successful in preventing cracking 
in steels of medium carbon contents but which failed for a steel containing 
1% carbon. 

The amount of retained austenite is offered as the chief reason for the 
success in oil quenching of the SAE 52100 steel. Several investigators have 
demonstrated previously that the quench cracking tendency is reduced as the 
amount of retained austenite is increased. If it can be concluded that the amount 
of retained austenite is definitely greater in the oil quench, then the author’s 
conclusion bears validity. Unfortunately, the determination of the amount of 
retained austenite has proved to be a difficult and troublesome problem. Much 
divergence in results occurs when the various methods are used. The most 
dependable one appears to be the X-ray method, described by Dr. Morris Cohen. 
It seems advisable to check the results on retained austenite by this method. 
For instance, a conflict with previous work is evident when the rate of cooling 
through the martensite range is considered. It has been demonstrated that more 
austenite is retained the slower the cooling rate through the martensite range. 
This rate is faster in oil quenching as compared to that in the martempering 
treatment. 

Another factor, perhaps more fundamental than the amount of retained 
austenite and not considered by the author, is the state of the thermal stresses 
present in the steel after the equalizing hold above Ms in the martempering of 
the high carbon steel. Fig. C is a representation of the generation of stresses 
in the annealing of glass from the work of Adams and Williamson,’ which is 
indicative of the formation of stresses in the cooling of steel undergoing no 
transformation. Above the annealing range, the glass is plastic and below, the 
glass is elastic. 

In case a, a temperature gradient is set up in the glass in the elastic range 
and temporary tensional stresses at the surface and compressional stresses in 
the center result. As the gradient is removed, the stresses disappear. Thus no 
residual stresses can be formed without prior nonuniform plastic deformation. 

In case b, a thermal gradient is set up in the plastic region. The resulting 
thermal stresses are quickly dissipated by plastic deformation. When the thermal 


ot H. Adams and E. D. Williamson, Journal, Franklin Institute, Vol. 190, 1920, 
p. 597, 835. 
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Fig. C—Relation Between Stress and Temperature Distribution 
in Slabs of Glass Cooling Linearly (After L. H. Adams and E. D. 
Williamson). The glass is assumed to be plastic above the an- 
nealing range and elastic below it. 


gradient is removed, no residual stresses result if the glass is kept in the 
plastic region. 

In case c, a thermal gradient is set up in the plastic region and these stresses 
are removed by plastic deformation. The glass is cooled into the elastic region 
with its thermal gradient. As the gradient is removed, the center contracts 
relative to the outside and residual stresses result, compression on the outside 
and tension on the inside. 

Biihler and Scheil* have demonstrated that the austenite is effectively 
plastic before the transformation to martensite begins in steels with relatively 
high Ms points but becomes effectively elastic before transformation occurs in 
steels with Ms points close to room temperature. Thus the thermal stresses 
before the transformation begins in medium carbon steels are given by case b, 
that is, the thermal stresses are practically zero. In the case of high carbon 
steels, the thermal stresses after the martemper hold are given by case c, 
compression on the outside and tension on the inside. As the transformation to 
martensite begins on the outside, an expansion results which sets up com- 
pressional stress on the outside. The residual thermal stress is also in compres- 
sion and is thus additive. This high resultant compressive stress at the surface 
changes to a high tensile stress as the final reversal is completed, which is 
instrumental in promoting cracking. 

This difference in thermal stresses in martempering steels with high Ms 


*H. Bihler and E. Scheil, Arch. f. Eisenh., Vol. 6, 1933, p. 283-288. 
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points as compared to steels with low Ms points is offered as a possible funda- 
mental reason for the failure of the martempering of the SAE 52100 steel. The 
importance of retained austenite should not be disregarded, especially if the 
author’s determinations on this variable can be corroborated. 


Author’s Reply 


The volume of pertinent discussion is evidence of the general interest in the 
martempering process which serves to emphasize how much investigation 
remains before such a process can be used to obtain maximum benefit and 
avoid difficulty. 

F. R. Morral has pointed out some interesting facts about the advantages 
of salt bath heating. It has already been stated that the austenitizing operation 
can be accomplished satisfactorily in either the salt bath or an atmosphere- 
controlled furnace provided with circulation. It is readily granted that the salt 
bath has many advantages. The only disadvantage in the use of a salt bath for 
austenitizing is the tendency of the salt film to insulate the surface, thus 
requiring more vigorous agitation in the quenching bath in order to avoid the 
formation of pearlite in the work. Atmosphere-controlled furnaces present less 
difficulty along this line. 

J. G. Christ has stated that the effects of surface decarburization have been 
a subject of much debate among men in the metallurgical field. It is the 
author’s opinion that decarburization in itself will not contribute to cracking, 
due to the relatively plastic nature of the decarburized structure. It seems 
more logical that the malpractices which caused the decarburization are more 
likely to cause cracking in most cases. In other words, the author feels that 
decarburization may receive the blame for cracking for which it was not the 
direct cause. The author has never practiced hot water quenching from the 
martempering bath except for carburizing steels. There is no advantage in 
using such a practice except for parts which have numerous holes and recesses, 
so that removal of the salt is almost impossible if allowed to solidify. It does 
seem reasonable to expect that more distortion would be encountered by this 
practice though we have not been able to find any difference in deformation 
between those hot-water-quenched from the martempering bath as compared to 
those air-cooled. 

The writer is entirely in agreement with Paul C. Farren in that there is a 
noticeable need for more complete TTT-curves which will establish the rela- 
tionships between variations in the austenitic grain and the decomposition curve. 

A discussion of the apparatus used to determine the per cent of austenite 
would be much too lengthy to incorporate in this paper. The author would be 
more than glad, however, to give assistance individually to anyone interested in 
the construction or use of such apparatus. 

The author cannot accurately answer Mr. Farren’s question relative to 
service failures although we do know from our own experiments that two mated 
parts made of SAE 52100 and overheated in heat treatment will change dimen- 
sions noticeably over a period of some months while remaining idle and 
undisturbed at room temperatures. The only logical explanation for such a 
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condition seems to be that the retained austenite has isothermally transformed. 

H. G. Johnstin has commented that the difference in per cent of retained 
austenite shown on the curves in Fig. 10 seems hardly enough to totally account 
for cracking. It probably should have been explained more carefully that the 
curves in Fig. 10 represent the average results of many tests. In numerous 
cases the difference in per cent of retained austenite between oil quenching and 
martempering was found to be as high as 10% at an austenitizing temperature 
of 1700 F (925C). In all cases the oil-quenched specimens tended to retain a 
higher percentage of austenite. 

As to the grain size after quenching from. the various austenitizing tempera- 
tures, it was found that in most cases specimens showed a grain size of Shepherd 
9 when austenitized at 1550 F (845C), while specimens from the same bar 
austenitized at 1700 F (925) had coarsened to No. 6. 

Harold J. Babcock has asked a question as to why, in the underheating 
part of the experiment, the range of 1500F (815C) and upward was not 
explored. The part of the research work which dealt with underheating was 
done not only to create a condition of nonuniform carbide solution, but also to 
arrest some portions in the state of the alpha to gamma transformation. It was 
much easier to accomplish this by using the lower furnace temperatures rather 
than the shorter time periods. Some work was actually done by using austenitiz- 
ing temperatures of 1600 to 1700 F (870 to 925) for very short time periods. 
No cracking was experienced in this part of the project, but results tended to 
be somewhat erratic and fewer specimens actually showed the underheated con- 
dition which was desired. It was interesting to note during this part of the 
project that steel is heated throughout in radiant heat considerably faster than 
most of us heretofore believed. 

Mr. Babcock’s question concerning control of the austenitizing temperature 
is answered in the conclusion of the paper where it is recommended that austeni- 
tizing should be done only in salt baths or atmosphere-controlled furnaces which 
possess good circulation. It seems well proved that there are many advantages 
to be derived from martempering, but the process will not lend itself to be used 
in conjunction with certain malpractices without disastrous results. 

Relative to Carl G. Johnson's comments on the relative hardenability, the 
author was also surprised to find a higher hardenability on a 134-inch diameter 
specimen when quenched in oil than when martempered. If the reverse had 
been true a logical explanation for the cracking would have been much more 
evident. The specimens that showed cracks, however, were all between ™% and 
1 inch and showed a uniform Rockwell C hardness irrespective of the type of 
quench used. 

The possibility of chemical attack by the salt was given due consideration 
in the procedure of investigation. It is, of course, possible that some specimens 
which might have cracked were isothermally transformed to bainite which 
would be less susceptible to cracking. Considering all other test results, it seems 
that chemical attack by the salt was not at least the basic cause of cracking. 
Whether or not it was a contributing factor is a question which could be 
answered only by further research. 

R. V. Grimm stated that he regards SAE 52100 as a shallow hardening 
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steel. Perhaps the author should have stated that SAE 52100 is generally 
regarded as a relatively deep hardening steel, though it has been the experience 
of the author that 52100 having a finely spheroidized structure in the annealed 
bars will usually harden fully through a l-inch round. There will be, of course, 
a considerable amount of fine pearlite in the center portion, but it will be 
sufficiently martensitic, so that little if any decrease in hardness will be noticed. 

The author cannot agree with Mr. Grimm in his belief that the presence of 
austenite will cause cracking. Austenite is definitely a softer and more plastic 
constituent. Citing an example of a high alloy steel such as high speed steel 
which is known to retain a high percentage of austenite when cooled from the 
austenitizing temperature, cracking rarely occurs in such steels until the temper- 
ing operation is performed. The reasoning in this case is that the tempering 
operation transforms a high percentage of the austenite retained, so that after 
tempering there is but little left for a cushioning effect and cracking is more 
likely to occur. It seems that the same reasoning can be applied to the lower 
alloys. 

It does not seem that a carburized steel can, in most cases, be compared to 
SAE 52100. It is granted that the carbon content in the surface layers may be 
nearly the same, but the softer cores of the carburized steels have the ability to 
cushion the effects of the volumetric changes which occur during transformation. 

Harry W. McQuaid presented a most interesting discussion on results 
obtained by martempering 52100 steel. The author has already proved that 
nonuniform solution of the carbide throughout a section will tend to increase 
the unbalanced residual stresses. While the author’s results as given in this 
paper show this condition as obtained by overheating, there is probably no doubt 
that the same degree of nonuniform carbide solution could be obtained by 
variables in the melting and annealing of the steel. 

An attempt to, at least partially, answer L. D. Jaffe’s question regarding 
the magnetizing force and flux density used for deriving the data shown by 
Fig. 10 is as follows: The value of the magnetizing force and the flux density 
was the same on all specimens, and since the core loss data were taken with 
60-cycle current it seems safe to assume that the duration of the magnetizing 
cycle at this frequency was not sufficiently long to saturate the core before the 
flux removal took place. The possibility of variations in residual stresses show- 
ing erratic readings by this method of measurement was not entirely overlooked, 
though the author’s work along this line was limited. As a check on the con- 
dition, a number of specimens were taken from a bar about twice the diameter 
required for the specimens. Some of these specimens were turned nearly to 
size prior to hardening while others were ground to size at a high rate of speed 
after they were hardened. This was, of course, an attempt to have some speci- 
mens which were in a highly stressed condition from grinding to compare with 
those which had been ground only a small amount. After no variations were 
found greater than were regarded as being within limits of error, no further 
attempts were made to establish the effects of residual stresses as being a variable 
worthy of consideration. 

Mr. Jaffe mentions that holding a specimen of 52100 at 475 F for 7 minutes 
would cause one-half of the austenite to transform to bainite. It must be remem- 
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bered that this would be true only for a very thin section. The specimen shown 
in Fig. 1 had a wall thickness of over % inch, so that a much longer time would 
be required for this specimen to assume the temperature of the quenching 
medium. It seems very unlikely to the author that any appreciable amount of 
bainite had been formed for two reasons: (a) the hardness was Rockwell C-65 
and (b) the specimen cracked. It is, of course, possible to form some bainite 
before any marked decrease in hardness is noticed, but certainly any great 
amount would show some decrease in Rockwell value. Bainite, being a more 
ductile structure, should show much less tendency to the cracking which was 
experienced and shown in Fig. 1. By the same token it scarcely seems logical 
that there could be much lower bainite present in the specimen shown in Fig. 7, 
due to the fact that the hardness is Rockwell C-63. Even though the hardness 
of the specimen shown in Fig. 8 is Rockwell C-58, 15N Rockwell readings 
showed an equivalent of only Rockwell C-45, which proves that the surface was 
composed of a very soft structure. Magnetic readings on these specimens shown 
in Figs. 7 and 8 were also considerably different, which further suggested that 
the oil-quenched specimen was much higher in retained austenite, rather than 
being composed partially of untempered martensite which was suggested by 
Mr. Jaffe as a possibility. 

J. W. Spretnak has also submitted some very interesting comments on 
the author’s paper in general and the method of phase measurement in par- 
ticular. It is granted that there is probably some slight inaccuracy in this 
method of measurement though it seems to be more consistent than most other 
methods and certainly it is much faster, thus enabling one to make measurements 
at any given temperature within a time period of about 2 seconds. Some 
more recent work which the author has done on high speed and other high alloy 
steels bears out all the more that the core loss method of phase measurement is 
of considerable industrial value. 

The authcr wishes to take this opportunity to thank those who have sub- 
mitted these interesting discussions on the foregoing paper. 








A PERIODIC CHART FOR METALLURGISTS 
By Cart A. ZAPFFE 


Abstract 


| A periodic chart has been developed of somewhat 
novel design which includes the common relationships 
of the Mendelejeff table and in addition has the follow- 
ing characteristics: 

1. Schematically a cross section of the electron shells 
of the heaviest atom, the chart has all the elements so placed 
that for any one of them the elements of lesser atomic num- 
ber depict the number of electrons in that atom and their 
placement in the principal shells and in the s, p, d, and 
f subshells ; 

2. Rearrangement of the elements beginning with 
actinium [89] and including the four newly discovered 
elements neptunium [93], plutonium [94], americium [95], 
and curium [96] leads to a new concept of these elements as 
a second subtransition or rare-earth series; 

3. Separate sectors of the chart contain the B-subgroup 
series, the transition series, and the subtransition series 
(rare earths) ; 

4. Analogous properties of the elements appear along 
radu, along diameters, along peripheries (shells), and within 
the separate sectors. 

On the basis of this chart a series of metallurgical alloy 
systems 1s presented to show the characteristic patterns that 
result, to aid in understanding certain principles governing 
metallurgical phenomena, and possibly to serve as a use- 
ful means for predicting the characteristics of new alloy 
systems. 


INTRODUCTION 


N the eight decades following Newland’s discovery of the Law of 
Octaves (1864), and Meyer’s (1868) and Mendelejeff’s (1869) 
development of the Periodic Table of Elements, many students of 
atomic theory have found useful and enlightening entertainment in 
rearranging the elements in two- and three-dimensional patterns to 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, Carl A. 
Zapffe, is a consultant, Baltimore, Maryland. Manuscript received July 12, 1946. 
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illustrate more effectively the periodic occurrence of analogies among 
the elements. 

All periodic tables have the common feature that they postulate, 
tacitly or explicitly, the existence of a natural law of uniform atomic 
plan to which all atoms conform. Essentially this law is that the 
electronic structural pattern of every atom is a recapitulation of the 
patterns of all atoms having fewer electrons. 

Even at this late date useful information remains to be gained 
from such studies of the previously known elements; and the recent 
accomplishment of nuclear fission, along with the four new elements 
it has already introduced, increases the desirability of re-examining 
the periodic system. 

The purpose of the present paper is to review briefly certain 
theoretical aspects of the periodic system and to develop a chart which 
has some theoretical interest, and perhaps some practical usefulness as 
well. Although of general chemical application, the chart will be ap- 
plied specifically to portraying certain metallurgical systems in an 
attempt to improve the understanding of the structure of the elements 
and the metallurgy of alloying. 


Atomic STRUCTURE 


The Fundamental “Double-Pair” Unit—In its simplest sense, an 
element can be regarded as a given arithmetical composition of minus 
charges (electrons) and plus charges (protons) which arrange them- 
selves in two specific manners with respect to one another. 

First, there is a collapsed proton-electron pair which is electrically 
neutral and is therefore referred to as a neutron. Although this neutron 
is a discrete entity, useful chemically in the reactions of nuclear fission, 
an element in the accepted sense does not result until a second pair of 
these charges is added. This second pair is not collapsed. Instead, the 
proton associates with the other proton-electron pair (neutron), just 
named, to form together the nucleus of element No. 1 having as a 
consequence a single plus charge + ¢; and its corresponding electron 
remains outside this nucleus traversing a spherical (or elliptical) orbit 
whose location is symmetric with the nucleus and is referred to as the 
electron orbit or shell. Although the concepts of wave mechanics require 
expressing the position of this orbit as a probability function only, it is 
discrete with respect to its state of energy. 

Hydrogen is this element No. 1*; and all other elements develop 

*More properly, deuterium, for hydrogen is an exception which contains no neutron. 
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progressively by simple arithmetic addition of one of these “double- 
pair” units — one collapsed pair (neutron) added to the nucleus, and 
one dilated pair disposed as described. 

Rather frequently an exception occurs to this general rule, in 
which too many or too few collapsed pairs (neutrons) occur in the 
nucleus, giving rise to an “isotope”. An isotope consequently has a 
weight which differs from the normal element; but its chemical be- 
havior, which is determined only by the electrons in its surrounding 
shells, is identical. Some 400 isotopes have now been identified, there 
being at least one known for every element. It is interesting to note 
that all principal isotopes (longest-lived) have even numbers of 
neutrons, with but the several exceptions of Be, N, and possibly Pt 
(1). 

Electron Shells—Following the earlier development of the quan- 
tum theory, Bohr, also Stoner and Main-Smith, discovered from a 
study of optical spectra that the orbital electrons possessed a further 
arithmetical feature in that a specific structure existed within the 
electron shell. Stated simply, the electrons in elements of advanced 
structure methodically occupy principal shell groups which can be 
identified progressively as shells 1, 2, 3, 4, 5, 6, and 7 in conformity 
with the so-called principal quantum number. The concept of a 
quantum state developed from the fact that electrons dropping back 
from excited states emit radiation conforming to the expression: 

E,— E, = hy 
where y is the frequency and A is a universal constant known as 
Planck’s constant. 

Subshells and the Quantum Theory—Next, Pauli called attention 
to the Exclusion Principle, which follows from the mathematics of 
wave mechanics and states that no two electrons can occupy the same 
quantum state. Consequently, each of the major shells derives a detailed 
subshell structure which is based upon four variables, or degrees of 
freedom, available to the electron. The first variable is the principal 
shell, or quantum number, already mentioned. The second and third 
concern measures of angular momentum; and the fourth allows two 
electrons to have identical quantum numbers, but opposite spin. 

For present purposes the subdivision resulting from the third 
quantum state will be neglected. The major shells numbering 1 through 
7 will be used, as will those s, p, d, and f subshells which relate to the 
second quantum number. 


*The figures appearing in parentheses pertain to the references appended to this paper. 
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In keeping with the simple logic of periodicity, the population of 
these shells and subshells follows a simple arithmetic progression. The 
s, p, d, and f subshells have odd-number 1, 3, 5, and 7 orbital positions, 
respectively, each position open to two electrons with opposite spin. 
The principal shells, which comprise these subshells, have in turn a 
capacity expressed by 2-n?, where n is the shell number, and the factor 
2 accounts for the spin doublets. 

Electronic Arrangement of the Elements—As a consequence of 
these laws, the second “double-pair”’ unit added to element No. 1 
fulfills the stipulations both for the subshell s and for the principal 
shell 1. Helium, an inert gas, results. 

With the addition of a third unit, the s-subshell in the second 
principal shell consequently begins to fill. Whenever a new shell is 
begun, the single orbital electron tends toward great chemical activity ; 
in this case the resulting element lithium belongs to the reactive 
univalent group known as alkali elements. A fourth unit completes 
the s-subshell; but the principal shell now contains in addition a 
p-subshell having orbitals for six electrons. Since the principal shell 
at this stage is thus only one-fourth occupied, the element beryllium 
shows chemical activity exceeded only by the alkali, lithium; and it 
belongs to a group known as alkaline earths. 

Before proceeding further, we will refer to Table I where all 
elements are listed according to their electronic division and subdivision 
from hydrogen through the four new elements neptunium, plutonium. 
americium, and curium. The fact that each period begins with a 
univalent alkali metal, following an inert gas of the previous period, 
involves that each alkali metal contains the stable structures of all the 
preceding inert gases, and similarly for every other element in the 
classification. This is indicated in the table, which is a conventional 
compilation (2), (3), with exceptions to be noted. Since the table is 
self-explanatory, only a few further remarks need be made in the text. 

First, note that the solid horizontal subdivisions mark the com- 
pletion, at least temporarily, of a principal shell and the dashed divi- 
sions a subshell. Shell 1, filled with two electrons, provides helium, 
as just described; shell 2, filled with eight electrons, provides inert 
neon; shell 3, filled with eight additional electrons, provides inert 
argon. 

However, 2 X 3 is 18, the capacity of shell 3. Consequently, 
immediately after the s-subshell is filled in shell 4, the additional units 
resume filling the third shell to bring the 3d-subshell up to 2 x 5 = 10 
electrons before returning to complete the fourth shell. This introduces 
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Table I 
Enumeration of Electron Disposition Within the 96 Known Elements 
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a series known as “transition elements”, among which some of man- 
kind’s most useful metals are found, notably iron. 

With the third shell expanded to its full capacity of 18 electrons, 
made up in part, incidentally, by capture of the original 4-s electrons, 
the fourth shell proceeds to refill. When its s- and p-subshells are filled, 
a temporary stability is attained, but only until the s-subshell in the 
next principal group, shell 5, is filled. Then a second series of “transi- 
tion elements” develops, wherein the action just described for the 3-d 
subshell is repeated with 4-d. 

By the time the sixth shell begins filling, not only does the under- 
lying 5d-subshell require expanding, but the 4f-orbital two shells deep 
also requires electrons to conform to the total capacity of shell 4: 
2X 4 = 32. Consequently, after two 6s electrons are added, the 
next electron drops back to begin filling 5d, but only begins this proc- 
ess, for succeeding electrons drop two shells deep to fill 4f. A “sub- 
transition” series thereby develops which constitutes the rare earths— 
14 elements conforming to the 2 K 7 = 14 law of the f-subshell. 

With 4f filled, the 5d-subshell next fills (transition series) ; and 
finally there is resumed the filling of 6p, then 7s. 

A New Series of Rare Earths—This recurrent dropping back to 
fill incompleted inner shells has followed a logical pattern up through 
radium [88] with its two 7s electrons. Heretofore, the remaining 
elements, actinium, thorium, protactinium, and uranium, have been 
placed on periodic tables beneath yttrium, hafnium, tantalum, and 
tungsten, respectively. Such placement interferes with the logical 
progression of deeper and deeper shell-filling just expressed for the 
transition elements and the subtransition rare earths, in conformity 
with known increasing shell capacities, and makes the first set of rare 
earths more anomalous than necessary. 

However, Seaborg, codiscoverer of americium and curium, points 
to a parallelism between americium [95] and the rare-earth europium 
[63], and between curium [96] and the rare-earth gadolinium [64] (4). 
This permits rearranging the heavy elements from previously sug- 
gested positions and setting actinium [89] parallel with lanthanum 
[57]. In Table I lanthanum is seen to act in the established transition 
manner of yttrium [39] and scandium [21] by adding to the inner 
d-subshell in preference to building the outer valence beyond the 
s-state. But cerium [58], the element after lanthanum, discontinues 
the building of this inner d-subshell and proceeds instead to fill the 
f-subshell two shells deep. 
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On this basis, then, it is here assumed that analogies remain the 
rule, and that thorium [90], the element after actinium [89], is an 
analog of cerium, the element following lanthanum, and proceeds to 
build the subshell two shells below, establishing parallelism with the 
first subtransition rare earths. 

Uranium [92] then compares with neodymium [60], rather than 
with tungsten [74] ; and a second series of “rare earths” is established 
which should continue through element 103—if such is ever dis- 
covered. Similarly, elements above No. 103, if developed or discovered, 
should resume building the 6d-subshell up through No. 110. Numbers 
111 and 112 would probably have 7s electrons customarily beginning 
again over the foundation of these expanded inner shells; and beyond 
element No. 113 there might appear a new order of rare earths whose 
construction would involve filling a subshell three shells deep, for the 
shell capacities are 2, 8, 18, 32, and 50, the latter conforming with the 
expression 2n? = 2 KX 5 & 5 = 50. 

Such an arrangement, incidentally, does not preclude uranium 
having some chemical analogy with tungsten, as previously suggested, 
for there are also parallelisms among the transition elements and the 
subtransition elements which are not yet well defined. 


DEVELOPMENT OF A PERIODIC CHART 


Consideration of Electronic Energy Levels—To regain a simple 
understanding of the periodicity of the elements after this involvement 
with transition structures, a schematic energy diagram of the principal 
quantum states is presented in Fig. 1. There the periphery is divided 
into s, p, d, and f states, and the inner circles represent the energy 
levels of a schematic cross section of the heaviest known atom. Energy 
is measured along the radius, increasing toward the periphery. The 
s-state is identified with one orbital position (indicated on the dia- 
gram) which allows occupancy by 2 electrons of opposite spin, as 
described before. The p-state has three positions indicated, accommo- 
dating 6 electrons, the s- and p-states together contributing the common 
grouping of eight valence electrons and sharing on a proportionate 
basis the top semicircle of the diagram. The lower semicircle is re- 
served for transition and subtransition elements, the d-state sector 
with five positions (10 electrons) containing the transition elements ; 
and the f-state with seven positions (14 electrons) the subtransition 
or rare-earth elements. The heavily inked arc on each of the circles 
represents occupancy ; the remainder of the circle nonoccupancy, 
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Beginning with the center and proceeding radially outward, any 
radius intersects the orbitals or quantum states in order of increasing 
energy. Thus, the state of lowest energy is shell 1, and its arc indicates 
occupancy only in the s-subshell. Next is shell 2, again the s-subshell. 
Next is 2p; then 3s, 3p, and 4s. The circle of lowest energy after 4s, 
however, is 3d, incepting the first transition series. Similarly, beyond 





r¢ 1—Schematic Representation of the Electron Energy Levels of the s, », d, 
and f States for the Seven Principal Quantum Shells. Heavy arc denotes occupancy. 


5s there isa 4d state having lower energy than 5p and accounting for 
the second transition series. 

In the f-sector, the 4f and 5f levels have respectively lesser radii 
than 5d and 6d, and 6p and 7p. They therefore account for the fact 
that the electrons drop into these inner shells instead of filling the outer 
shells, for the system, of course, always seeks the state of mini- 
mum energy. 

This diagram has some significance in indicating why the heavier 
elements tend toward poorly defined valences and generally complicated 
behavior, for very little difference in energy exists between neighbor- 
ing states; and positions of the outer electrons are therefore not too 
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rigorously defined. Also, atoms of transition groups are not restricted 
to the formation of single covalent bonds, but can form multiple 
covalent bonds with electron-accepting groups by making use of the 
electrons and orbitals of the shell or shells underlying the valence shell. 

Arranging the Elements—With the diagram in Fig. 1 serving as a 
general basis for placement of the elements, the periodic chart in Fig. 2 
was developed. 

This chart, similar to the preceding figure, is divided into an upper 
semicircle containing those elements which progressively add electrons 
to the outer valence shell, and a lower semicircle which contains all 
others, specifically the transition elements. The continuity begins for 
each new valence shell in the s-sector on the left of the upper semicircle 
and proceeds clockwise as indicated by arrows. In the center the 
neutron is indicated as element No. 0. The significance of the radius is 
retained from Fig. 1 in a qualitative sense so that the chart indicates 
relative states of energy and depicts up to any given element the 
number of electrons and their quantum position in shell and subshell by 
regarding all element positions of lesser atomic number. 

Beginning nearest the center at the left with hydrogen, the second 
electron produces inert helium. One of the few discrepancies in the 
chart stands there in placing helium in the p-subshell instead of in the 
s, where it belongs ; but it was done for a schematic purpose soon to be 
disclosed. With the closing of shell 1, the chart proceeds back to the 
left and begins the clockwise series of lithium through neon, the last 
an inert gas. Beginning again on the left in shell 3, subshell s, the 
sodium series forms, ending with inert argon. 

Next, the 4 shell begins with potassium and calcium in the s-state, 
but promptly bypasses the p-state to enter the d-transition sector radius 
III, in the lower semicircle, as described in discussing Fig. 1. The 
elements then progress through scandium, titanium, vanadium, chro- 
mium, manganese, into the triad of iron, cobalt, and nickel. These 
transition elements are located on shell 4 in this group, because their 
cross section would show the fourth shell while the third shell is filling. 

With the completion of this transition series, the next element, 
copper, now has an inner construction which is expanded and heavier 
than its positional predecessor, potassium. Consequently, the ensuing 
series of copper through inert krypton is offset slightly and is marked 
with a heavier circle. These elements in the upper semicircle which 
build s- and p-valence electrons upon expanded internal shells comprise 
the so-called ““B-subgroup” of the periodic table. 
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After krypton, the continuity methodically reverts to the left 
again, where rubidium and strontium begin the fifth shell. The follow- 
ing elements likewise bypass the p-subshell and enter the transition 
sector, radius III, becoming the elements beginning with yttrium and 
ending with the rubidium-rhodium-palladium triad; and upon that 
expanded shell is built the B-subgroup elements beginning with silver 
and ending with inert xenon [54]. 





Fig. 2—Periodic Arrangement of the Elements on a Schematic Basis of Their 
Electronic Configurations. 


Again from the left on shell 6, cesium [55] and barium [56] 
progress to the transition element lanthanum. But this time the pro- 
gression in turn gives way to an expansion two shells deep, providing 
the rare earths as has already been described. The valence positions 
of these rare earths conveniently fit in the f-sector made vacant by the 
absence of transition elements in the first two valence periods. The 
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valences of the rare earths vary among II, III, and IV, and they are 
best left in their indicated positions until more is known about them. 
So far Ce and Tb are known to have valences greater than 3; and Sm, 
Eu, and Lu are known to be bivalent. 

With 14 electrons added to the f-subshell, the subtransition series 
graduates into a transition series which continues by customary build- 
ing in the d-subshell and ending again with triads, Os, Ir, and Pt. 


LL 





Fig. 3—Pattern of Chemical Inertness on the Periodic Chart. 


As for the remaining elements, including the newly discovered 
neptunium, plutonium, americium, and curium, they are arranged on 
the chart following exactly the same progression as the rare earths 
before them, in conformity with the discussion provided earlier. 

Characteristics of the Chart—Immediately it will be noted that 
this arrangement of the elements expresses the commonly denoted 
relationships of periodic charts and includes more. 
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First, the radii correspond to periods in the Mendelejeff chart, 
and the shells to rows. Second, the chart up to any given element 
schematically depicts the number of electrons and the energy state of 
each electron in that atom. Third, not only the principal quantum 
shells, but also the s, p, d, and f-subshells are indicated for each element. 
Fourth, all transition elements are in the lower semicircle. Fifth, all 





Fig. 4—Pattern of Hume-Rothery’s Class I Elements. 


rare-earth elements are in the f-sector. Sixth, all B-subgroup elements 
are designated. Seventh, a new series of rare earths is indicated. 

Along each radius, valence characteristics are expressed. In the 
upper semicircle, radius I contains all the alkali elements ; radius\II all 
the alkaline earths; radii III, IV, V, and VI the amphoteric elements ; 
radii 7 and 7-B all the halides (except hydrogen) ; and radii 8 and 8-B 
all the inert gases. In the lower semicircle, the valence principle simi- 
larly applies to the transition elements. 
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Electronegativity, which is a qualitative property expressing the 
power of an atom or molecule to attract electrons to itself, decreases 
clockwise along peripheries and increases toward the center. 

In addition to radial relationships, analogies likewise hold along 
diameters. Thus aluminum and boron in the upper semicircle, radius 
III, extend directly into the analogous scandium and yttrium on 





Fig. 5—Pattern of Major Alloying Elements in Ferrous Metallurgy, Having 
Extended Solubility Ranges. 


radius III in the transition semicircle. Similarly, Si and C on radius 
IV (above) extend to Ti, Zr, and Hf on radius IV (below). Even 
more interesting is the VIII - VIII-B inert gases which extend into 
the noble transition metals in the lower semicircle. In Fig. 3 this 
relationship is indicated by marking the inert gases with full black 
circles and the passive metals with half-black circles. 

Elements 43, 61, 85, and 87, formerly known as masurium, illin- 
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ium, alabamine, and virginium, respectively, are left unnamed on the 
chart because they have recently been found to be radioactive and 
therefore will be renamed by their discoverers (4). 


APPLICATIONS OF THE CHART 


General Chemistry—The remarkable logic underlying the pro- 
gressive construction of the elements has long been known, and is 
made especially apparent by marking on the periodic chart those 
elements having any given set of characteristics. While there is nothing 
new in such a procedure, the present chart seems to express such 
relationships with unusual clarity. 

For example, Fig. 4 has marked on it those elements cataloged 
by Hume-Rothery (3) as belonging to Class I. This classification in- 
cludes all elements crystallizing in face-centered cubic, body-centered 
cubic, or close-packed hexagonal structure. Manganese and one form 
of tungsten are the only exceptions among them. Aluminum and lead 
are omitted because of peculiarities which will not be discussed here. 
Also, certain of the f-sector elements remain to be cataloged definitely. 

Such compactness of the blackened circles is significant to metal- 
lurgy because the crystal structure of an alloying element is a prime 
factor in determining the nature of the alloying system. 


Ferrous Metallurgy 


Major Alloying Elements—I{ we mark those elements which are 
the principal binary alloying elements with iron from the standpoint 
of extensive solubilities with a minimum tendency to form compounds 
of brittle or semi-metallic character, the interesting pattern in Fig. 5 
results. Such elements are confined to the transition groups. Further- 
more, those elements on the same periphery with iron form in general 
the most homogeneous systems, only Ti at the far counterclockwise 
end forming a compound stable at high temperatures. 

In the. fifth and sixth shells homogeneity of the alloy systems 
tends to decrease, reaching a minimum again in Zr at the far end. The 
six noble elements are marked with half-circles, principally because 
they are not commonly used in steel. 

Minor Alloying Elements—Obviously in a chart of this kind, and 
in following charts, division of the alloying elements into major and 
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minor groups will involve boundary elements whose inclusion or 
exclusion becomes arbitrary. 

Nevertheless, if we next consider those elements which alloy with 
iron, but which either have solid solubility limits or tend strongly 
toward forming compounds of generally undesirable engineering 
properties, a secondary group becomes fairly well defined. Fig. 6 
shows their pattern. 





Fig. 6—Pattern of Minor Alloying Elements in Ferrous Metallurgy, Having 
Restricted Solubilities or Undesirable Compound Formation. 


None of the elements on radii I, II, VII and VII-B, and VIII and 
VIII-B alloys with iron with the exception of Be, and possibly H. As 
in the previous pattern, a preference appears for elements on the same 
shell with Fe. In the shell below, Al and Si form extended and useful 
alloy series with Fe, but marked compound formation intervenes. In 
shell 2, the three elements beyond Be dissolve interstitially, as does 
oxygen, which is not marked. 





254 TRANSACTIONS OF THE A. S. M. Vol. 38 


Au, Sn, and Sb are the only other elements having appreciable 
solubilities in Fe, and they again form marked compounds. Ag, though 
virtually insoluble, is included as a half-circle because of its position 
between soluble Cu and Au and because attention has periodically 
been drawn to its possible usefulness in Fe alloys. Pb, Bi, S, Se, and 
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Fig. 7—Pattern of the Characteristic Nonmetallic Impurities in Steel. 


Te are similarly included as half-circles because, though virtually 
insoluble in Fe, they are sometimes added commercially to steel for 
improving machining. Oxygen is arbitrarily omitted because it has 
but slight solubility and is not added purposefully to steel. 

Nonmetallic Alloying Elements—Although the definition of im- 
purities in steel is also highly arbitrary, it is interesting that all of the 
common nonmetallic impurities in steel occupy a confined area in a 
special part of the chart. (See Fig. 7.) 
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Ferrite-Formers—As for the important effect of crystal struc- 
ture in alloy metallurgy, Fig. 8 designates those elements which are 
known to favor the body-centered cubic structure of iron and are 
generally referred to therefore as “ferrite-formers”. Note the prom- 
inence of the IV, V, and VI periods in the transition group containing 





Fig. 8—Pattern of Elements Which Favor the Ferritic Form of Iron. 


such well-known ferrite-formers as Cr, V, Ti, Mo, Cb, Zr, W, and Ta. 
The effect extends no further clockwise, but is untested for elements 
lying counterclockwise, such as scandium, hafnium, yttrium, and the 
two series of rare earths. 

Also interesting to note are the diametric projections of ferrite- 
former radii IV and V into ferrite-formers Si and P in the upper 
semicircle ; and conversely the projection of upper radius III makes it 
likely that scandium and yttrium, also hafnium, are ferrite-formers. 
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The role of aluminum as a ferrite-former, incidentally, now sheds 
some light on why that FCC metal is excluded from Hume-Rothery’s 
Class I elements for being anomalous. 

Beryllium and boron are arbitrarily marked with half-circles, 
although Hansen (5) reports that 0.45% Be closes the gamma loop. 





Fig. 9—Pattern of Elements Which Favor the Austenitic Form of Iron. 


Boron is known to make a minor contribution, but possibly only be- 
cause it takes carbon out of solution. 

Austenitizers—Similarly, the pattern of alloying elements favor- 
ing the face-centered cubic gamma structure of iron has distinguishing 
characteristics. (See Fig. 9.) Although the noble metals in the triads 
adjoining iron favor austenite, the important austenitizing elements in 
steel include only Ni, Co, and Mn immediately adjoining Fe in the 
lower semicircle, and the two nonmetallic neighbors C and N (both in- 
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terstitial solutes) in the upper semicircle. Other weakly austenitizing 
elements, such as Cu, are omitted because of their relative unimportance. 


Nonferrous Metallurgy 


Aluminum-Base Alloys—For those elements used in the alloying 
of aluminum, there will be chosen four principals: Mg, Zn, Cu, and 
Si, which lie in the upper semicircle (full circles in Fig. 10) ; and six 





Fig. 10—Pattern of Exemplary Elements Comprising Aluminum-Base Alloys. 


subordinates: Ni, Co, Fe, Mn, Cr, V, and Ti, which lie in the 4-shell 
of the transition sector (half-circles). This disposition in the semi- 
circles is exactly opposite to that for iron (previous Figs. 5 and 6), in 
keeping with the position of Al in the opposite semicircle. 

Obviously, not all elements alloying with Al are included in this 
selection; but exemplary ones are. Ag, Ga, and Li have appreciable 
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solubilities, but are uncommon constitutents of Al alloys. The mag- 
nesium neighbors, Ca and Be, have very slight solubilities. Ge does not 
measurably dissolve in solid Al, but as a eutectiferous alloying element 
it has been proposed to replace its much cheaper analog, Si (6). Pb, Cd 
and Bi are virtually insoluble in solid Al, but are added to improve 


ma 
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Fig. 11—Pattern of Exemplary Elements Comprising Magnesium-Base Alloys. 


machining ; and a similar situation exists for Sn and Cd used in bearing 
alloys. Other elements have also been studied as alloy constituents ; but 
Alis a near-neighbor of the alkaline earths, and its alloys tend strongly 
toward compound formation and small solid solubilities. 

With the chart confined to these exemplary elements, certain 
structural principles immediately reveal themselves. Thus, as with 
Fe, a marked preference appears for elements lying on the same shell 
with the basis element, Al; and next for those on adjacent shells 2 and 
4. Mg, lying on the same shell, dissolves extensively in solid Al; Ca 
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and Be, on the higher and lower adjacent shells, respectively, also 
dissolve in solid Al, but only in minute amounts. Beyond Ca on that 
same radius II there is no measurable solid solubility (Sr, Ba, Ra). 

Departure from this “shell rule” lies principally in the low-melting 





Fig. 12—Expanded Pattern Showing All Known Elements Alloying With Mag- 
nesium, as Listed by Carapella. 


B-subgroup elements, for the possible reason that they have similar 
melting temperatures. 

Conversely, since the transition elements have characteristically 
high melting temperatures, those elements in the lower semicircle, 
marked with half-circles, have very low solubilities in Al and are 
principally important as hardeners and grain-refiners. 

There is no measurable solid solubility for any element clockwise 
of radius IV in the upper semicircle; nor along radius I, with the 
single exception of Li. 
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Magnesium-Base Alloys—If{ one similarly selects exemplary 
elements used in magnesium-base alloys, the consistent pattern in Fig. 
11 is observed. As with aluminum, the major alloying constituents 
again lie in the upper semicircle; and they neighbor one another both 
by radius and by shell. Mn, indicated by a half-circle in the transition 
group, is representative of the corresponding series just discussed for 
Al-base alloys. From a commercial standpoint, Mn is an important 
alloying constituent ; but its solubility is small. 

Carapella (7) has recently ably reviewed the whole situation re- 
garding magnesium alloys as known in 1945, which allows developing 
a rather complete pattern for this system. In Fig. 12 all elements which 
he lists as having a known solubility are marked with full-black circles 
excepting silicon, which is half-circled because of its extremely small 
solubility. Also on the chart as half-circles are all those elements which 
Carapella lists as developing a known eutectic with magnesium, but 
having no measured solid solubility. While terminal solid solutions 
must exist for such systems, their éxtent is not yet known. 

Of principal interest in this expanded chart is the projection of 
alloying into the B-subgroup elements of the first five periods, the 
reaching into the 2-shell elements Be and Li, the extension out along 
the alkaline earth radius II, and the addition of the transition elements 
Ni and Zr. Iron and cobalt are also indicated by half-circles, for cobalt 
forms a known eutectic with Mg; and Fe, though undesignated by 
Carapella for either eutectic or solid solubility, obviously belongs on 
the pattern since that element is so persistently present and so highly 
deleterious in magnesium alloys that a premium is placed on keeping 
it to a minimum. 

Undoubtedly the entrance of the B-subgroup elements follows 
from their characteristically low melting points, as with Al-base alloys. 
Three rare earths, cerium, lanthanum, and praseodymium, have been 
studied in the metallurgy of magnesium, but are not marked on the 
chart. 

From the isolated position of Zr on the chart, one can predict 
possible future development of the remaining IV-V-VI-period transi- 
tion elements, whose ability to alloy will probably be highly restricted, 
will decrease with increasing shell number, and will be controlled also 
by the crystal structure and the atomic size factor, discussed by 
Carapella. 

Copper-Base Alloys—An historic art and science, copper metal- 
lurgy has pretty well pushed to the far reaches of the periodic table, 
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with the exception of the subtransition rare earths. Once again a prob- 
lem presents itself in partitioning among major, minor, and excluded 
groups ; but the pattern in Fig. 13 should be acceptable in most respects. 
There the boundary between major (full-circles) and minor (half- 





Fig. 13—Pattern of Elements Comprising Copper-Base Alloys. 


circles) alloying elements is placed roughly in the neighborhood of 
1% alpha solubility. 

Immediately the “shell rule” reappears, with the historic prin- 
cipals Zn, Ni, and Sn placed on the same shell, or on the one immedi- 
ately above. Zinc and nickel are immediate peripheral neighbors of 
Cu; and Sn, most removed of the three, correspondingly evidences 
the most restricted solubility (10 to 15%). The “shell rule” is again 
evident in the low-melting B-subgroup elements, whose solubilities 
approach zero in the outer shells; and in the transition semicircle a 
similar effect appears. 
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As for valence, the solid solubility wanes clockwise and virtually 
disappears in the VI and VI-B elements; and the 6-shell series 
Au-Hg-T1 proceeds from complete solubility for Au to virtually zero 
solubility for Tl. Although Hg and Cu are quite miscible, Hg is half- 
circled because of its uncommon usage as an alloying element. 

Similarly, shell 2 is bounded on the left by Mg and on the right 





Fig. 14—Pattern for Low-Melting Alloy Systems. 


by S; and the only principal alloying element in shell 1, Be, is flanked 
with highly restricted solubilities clockwise by B, C, N, and O, and 
counterclockwise by Li. Actually, Li has such a negligible solubility in 
solid copper that radius I probably should remain blank; but the 
commercial usage of Li introduced into Cu by Li-Ca alloy as a de- 
oxidizer and purported dehydrogenizer led to its inclusion as a minor 
alloying element. 
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Along radius II an interesting relationship appears in that these 
alkaline earths show a major solubility in the 2-shell, a restricted solu- 
bility in the 3-shell, and a virtual disappearance of solubility by the 
time the Cu 4-shell is reached—an apparent exception to the “shell rule’. 

In the transition group, major alloying occurs with those elements 
adjacent to Cu, diminishing regularly at positions removed from Cu 
both counterclockwise along peripheries and also diagonally out into 
the noble metal triads, as indicated by half-circled Os, Ru, and Ir. The 
proximity of Cu to the transition group and its relatively high melting 
point apparently enlarges its alloyability with these elements, as does 
the fact that the crystal structures of most of the full-circle elements 
in the transition group are similar. 

Low-Melting Alloys—Solders and low-melting alloys in general 
are based almost exclusively upon the B-subgroup elements designated 
in Fig. 14. These elements are metallic and characteristically have low 
melting points, which allows them to serve as possible alloying elements 
in nonferrous metallurgy and virtually excludes them from ferrous 
metallurgy. Also, since the B-subgroup by definition contains ex- 
panded internal shells, these low-melting metals are characteristically 
heavy. Note that the well-defined boundaries of this group exclude on 
the left all elements short of radius II-B, even though Cu, Ag, and Au 
are metals belonging to the B-subgroup. Low-melting eutectics may 
occur between the designated elements and others of high melting 
point, but such systems are not considered here. Proceeding clockwise, 
the lowest shell expires with high-melting temperature germanium 
(960 C) and compound-forming arsenic in the IV-B and V-B periods, 
respectively. Germanium does form a eutectic of low melting point 
with gold, and it dissolves in liquid Pb; but is insoluble in solid Pb (6). 

In larger shells, 5’ and 6’, the low melting temperatures continue 
further clockwise to VI-B; and it is possible that in the 6’-shell the 
alloying continues through polonium in VI-B. 

Thus, the melting temperature of these elements seems to drop 
with increasing shell number. This effect is evident along radius II-B 
to such an extent that in shell 6’ the element Hg is a liquid at room 
temperature. Along radius V-B the same effect is pronounced ; along 
IV-B, Sn introduces only a slight exception; but along III-B exactly 
the opposite occurs, the melting points increasing outward along the 
radius progressively from gallium (30C) to indium (161 C) to 
thallium (303 C). 


Other Periodic Patterns—Following this or a similar procedure, 
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one can elaborate on the analog and periodicity phenomena of the 
elements virtually without limit. For example, in the acid or cathodic 
pickling of steel there is a poorly understood phenomenon by which 
extremely small amounts of certain elements present in the pickling 
liquor greatly increase the normal proportion of hydrogen which the 
steel absorbs during pickling. These elements are referred to as 





Fig. 15—Pattern of “Promoter” Elements Effective in Hydrogen Absorption by 
Steel ring Acid or Cathodic Pickling. 


“promoter” elements (8) ; and they comprise the narrow range desig- 
nated on the chart in Fig. 15. The effect dies out quickly either to the 
right or to the left of the indicated elements, and at either lesser or 
greater shell positions. 


CoNCLUSION 
But little claim can be made for originality in working with such 
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a thoroughly studied subject as the periodic arrangement of the 
elements. The principal object of this paper has been to renew dis- 
cussion of the structure of the elements at a time when attention is 
being focussed on atomic theory, new elements are being discovered, 
and new things are being discovered about known elements. 

Some additional clarity of the periodic laws seems to be pro- 
vided by the charts that are presented ; and the construction of a second 
series of rare earths on the basis of Seaborg’s discoveries is a rela- 
tively new concept worthy of attention. 
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DISCUSSION 


Written Discussion: By Hallock C. Campbell, associate director of re- 
search and engineering, Arcos Corp., Philadelphia. 

Dr. Zapffe’s periodic table has several interesting features not found in 
other arrangements of the elements, such as the revised grouping of the radio- 
active metals and the inclusion of the transuranic elements. The position of 
the transition elements in the lower semicircle makes it easy to locate the most 
likely analogous nonmetal by its diametrically opposite position. However, this 
introduces an undesirable separation of scandium from calcium (and yttrium 
from strontium, etc.) ; for example, in Fig. 13 the open circle for scandium is 
anomalous, since it interrupts a series of half circles starting with calcium, 
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but that fact is not obvious in Dr. Zapffe’s arrangement of the elements. Also 
the use of secondary radii in the P-sector is an unhappy compromise, for 
the concept of B-subgroup elements is very misleading for most of the 
P-sector groups. In point of fact such a distinction is chemically nonexistent 
for the halogen and inert gas groups (numbers VII and VIII). 

Nevertheless chemists and metallurgists alike, including those who prefer 
alternate forms of the periodic table, will heartily welcome Dr. Zapffe’s com- 
pilation of the “patterns” exhibited by the major and minor alloying elements 
in ferrous and nonferrous metallurgy. 

The writer has the following criticism to make of Dr. Zapffe’s concept of a 
“double-pair” unit of atomic structure, and particularly his presentation of the 
structure of hydrogen. The actual weights of the proton and neutron and the 
weight of the hydrogen atom are known from independent measurements. Dr. 
Zapffe’s hydrogen atom constructed from double-pair units would have a 
nucleus twice as heavy as the observed value. In the heavier elements the 
double-pair theory of construction is a very reasonable concept. However, Dr. 
Zapffe’s description of element No. 1 is a description of deuterium (atomic 
weight 2), not of hydrogen. In hydrogen (atomic weight 1) the collapsed 
proton-electron pair is absent. 

Written Discussion: By L. S. Darken, United States Steel Corp. Re- 
search Laboratory, Kearny, N. J. 

It seems quite proper every now and then to recall attention to the periodic 
chart and point out its bearing on things of everyday interest. It seems par- 
ticularly fitting in the case of metallurgists because as a group we tend to take 
it for granted and imagine that we know the relationships between common 
properties and the periodic chart better than we actually do. Dr. Zapffe’s some- 
what novel arrangement stimulates interest; it has served a good purpose. 
I for one had not fully realized, before looking at these charts, how far this 
sort of thing could be carried—for example that the ferritizing elements are 
grouped together so neatly as shown by Fig. 8. This suggests several other 
patterns it would be interesting to see—for example, that formed by the ele- 
ments with strong tendency to form stable carbides. 

In the beginning of this paper, there is definite implication that the neutron 
is not quite on par with the electron and proton in atomic architecture. The 
current accepted viewpoint is that there are these three fundamental particles, 
and that the neutron should not be regarded as a proton-electron pair. 

The later work of Hume-Rothery places aluminum in the Class I elements 
(the metals) rather than in Class II as indicated by the author. 

Written Discussion: By Harold Hessing, metallurgist, U. S. Department 
of Commerce, National Bureau of Standards, Washington, D. C. 

The nucleus of the hydrogen atom described by the author on page 240, 
paragraph 6, of this paper is in reality that of deuterium, the “heavy”, compara- 
tively rare isotope of Element No. 1. An atom of the principal isotope of 
hydrogen has one proton and no neutrons in its nucleus. 

The author states on page 256, paragraph 1, that aluminum, a face- 
centered cubic metal, is excluded from Hume-Rothery’s Class I elements. 
It is of interest to note that this exclusion is no longer made in recent revisions 
of Hume-Rothery’s “Structure of Metals and Alloys” (author’s reference No. 
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3). On page 30 of the 1945 reprint Hume-Rothery states “aluminum should 
be regarded as belonging to Class I’. Furthermore, aluminum is included among 
Class I elements in the periodic table (Fig. 4) on page 24 of this same reprint. 
The reference on which this classification was based is W. Hume-Rothery and 
G. V. Raynor’. 

Is the author’s omission of uranium from his list of Class I elements 
intentional? Hume-Rothery includes uranium in Class I despite its orthorhombic 
structure. 

Written Discussion: By F. R. Morral, Metal Trades Laboratory, Tech- 
nical Service and. Development Division, American Cyanamid Co., Stamford, 
Conn. 

This paper is considered very interesting because of the novel and sys- 
tematic presentation of the data. It is possible that someone may be able to 
make a rotary slide rule showing all the patterns in this paper and possibly 
others. 

Dr. Zapffe’s article, or the circular slide rule, should prove useful not only 
in the teaching profession, but particularly to the student and to those working 
in research and development. 

Leverenz® has published a chart of the elements condensing considerable 
physical, chemical and metallurgical data. 

In a data sheet on magnesium-rich binary alloys,‘ the eutectic temperature 
and composition, the solid solubility and the compounds formed with lanthanum, 
cerium and praseodymium were given in schematic form. The solid solubility 
was not available for two of them in the literature, while that for cerium in 
magnesium had been determined. 

Written Discussion: By Gerrit DeVries, assistant metallurgist, U. S. 
Naval Proving Ground, Dahlgren, Va. 

The author states that element No. 1 (hydrogen) is formed when a second 
pair of charges (a proton and an electron) is added to a neutron. This would 
give hydrogen an atomic weight of two. 

Written Discussion: By Laurence S. Foster, Watertown Arsenal, Water- 
town, Mass. 

I should like to make the following comments on this paper by Dr. Carl A. 
Zapffe. Dr. Zapffe has done metallurgists a service in calling the periodic table 
to their attention once more in such a well-rounded presentation of the corre- 
lations among properties which are revealed by its study. The use of the 
circular chart is interesting but it is felt that the construction of a “long 
form” rectangular chart is so much simpler it should be advocated in prefer- 
ence to the circular chart. The striking relationships revealed by the circular 
charts are nearly all revealed by the rectangular form; the only ones which 
are not brought out are those on radii passing from the upper half into the 
lower half of his diagrams, and these relationships are of no importance except 


to point out the analogous position of the inert gases and the passive noble 
metals. 


2W. Hume-Rothery and G. V. Raynor, Proceedings, Royal Society, Vol. 177, 1940, A, 
p. 27. 


°H. W. Leverenz, R.C.A., in Foote Prints, 1939. 
‘F. R. Morral, Metal Progress, October 1944, p. 720 B. 
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Dr. Zapffe does not point out that the reason for many of the similarities 
exhibited by the transitional elements is due to their comparable radii and the 
number of electrons in their outermost shells. These important characteristics 
cannot be read any better from his circular charts than from the long form 
rectangular chart advocated by this reviewer but are to be gleaned from study 
of lists like his Table I and from tables of atomic and ionic radii. 

There are several other places where there are inconsistencies in Dr. 
Zapffe’s presentation. It does not seem useful to substitute the concept of “a 
fundamental double-pair unit,’ “collapsed pairs” corresponding to neutrons, 
and “dilated pairs” corresponding to protons and extra-nuclear electrons. In 
his development of the Bohr type of atom the concept is not particularly useful 
and confuses the issue. In this discussion in which the only important property 
of the nucleus is its atomic number, or its positive charge, nothing is gained by 
making it more complicated than necessary. Furthermore, it is not strictly 
true that a neutron is a “collapsed pair,” and until the debate concerning struc- 
ture of nuclear particles is settled, it would be preferable to consider the 
neutron as a fundamental entity. 

In Table I, the structures of the rare earth elements, Nos. 58-71, are 
shown with a steady increase in the 4f shell which is not in accordance with 
the facts published by Dr. Meggers of the National Bureau of Standards,* in 
which premature filling of the 4f shell is postulated and other irregularities 
brought out. In Table I, lanthanum is shown with the correct structure, but 
it is not placed correctly on the circular charts. It should appear not as a rare 
earth but as a transitional element under III immediately adjacent to Ba-56 
(II). The same objection is raised to the placing of Actinium-89, which is 
also not a rare earth type but a transitional element and should appear above 
lanthanum, immediately adjacent to Ra-86 (II). 

The argument in favor of considering the “Actinides” as a group similar 
to the rare earths can be made much stronger than Dr. Zapffe has done. 
Further evidence of the validity of this conclusion has been published recently. 
C. C. Kiess, C. J. Humphreys and D. D. Laun of the National Bureau of 
Standards* have analyzed the first spectrum of uranium and reached the con- 
clusion, “From the spectroscopic evidence presented in this paper, it is clear 
that uranium is an element of the rare-earth type; that, in fact, it is a homologue 
of neodymium, being the third member of a series beginning with thorium. 
That the seventh period of elements in the periodic system should encompass 
a second group of rare earths similar to the group in the sixth period was 
foreseen more than 20 years ago by Bohr." 

“Some investigators, notably Villar, have suggested Th[90], others U[92] 
and still others, including Starke, the transuranium element 93 as the first 
in which a 5f electron appears. In each instance the basis of opinion was evi- 
dence derived from chemical behavior, nuclear activity, behavior of ions in 
crystals and solutions, etc. The testimony of the spectroscope, however, in 
selecting thorium for this role is unique and decisive, and it is supported by the 





®Dr. Meggers, Journal, Optical Society of America, Vol. 31, 1941, p. 157. 


*C. C. Kiess, C. J. nie and D. D. Laun, Journal of Research, National Bureau 
of Standards, Vol. 37, July 1946, p. 57-72. 


TBohr, Nature, Vol. 112, 1923, p. 43. 
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recent spatial classifications of the elements by Djownkorsky and Karis* and 
by Talpain,® which array thorium, protoactinium and uranium as the chemical 
homologues of cerium, praseodymium and neodymium.” 

The use of the word expanded (page 247) for the inner construction of 
copper as compared to potassium is not fortunate. The structure is more com- 
plicated but contracted, copper being a smaller atom than potassium and the 
copper ion also being smaller than the potassium ion. 

In support of my arguments in favor of the rectangular long form of the 
periodic table, I have enclosed one based on the recommendations of Seaborg 
which appeared in the December issue of the Journal of Chemical Education. 


Author’s Reply 


An apology is required for the obvious error, noted by Drs. Campbell, 
Hessing, and DeVries, in confusing the structures of hydrogen and deuterium. 
Drs. Hessing and Darken also bring the author up to date on Hume-Rothery’s 
acceptance of Al as a Class I element. As for Dr. Hessing’s question about 
uranium, it stands in the Class I pattern with the rare-earth elements. 

Drs. Campbell, Darken, and Foster question the advisability of the “double- 
pair” concept. No refuge is taken, for this concept does have fine-scale de- 
partures from the rigorous definition. It was adopted only as a means of 
translating the highly technical language into acceptable lay language without 
serious loss of verity. 

Dr. Morral’s suggestion of a rotary sliding chart has strong possibilities, 
although it seems at first blush that the system is fixed, rather than movable. 
The discussion of alloys of Mg with certain of the rare earths was delib- 
erately omitted because the pattern is too incomplete. On the other hand, 
perhaps it would have been better to have included them. As explained in the 
paper, the selection of elements for these patterns is somewhat arbitrary. 

In answer to Dr. Foster, attention is drawn to the small radius “III” drawn 
through Ac and La at the far right of the rare earths, indicating that 
they belong on Radius III as a transition element. The text perhaps does not 
make that clear. While their present position is confusing, one will quickly 
recognize that an even greater problem follows from placing them on Radius 
III and adding the rare earths as a subsequent series. Also, by referring to 
the B-subgroup elements as having “expanded” shells, the writer perhaps 
thoughtlessly confined it to the sense of population, for those shells have 
numerically expanded groupings. 

These criticisms are all welcomed. The paper presumes to do no more 
than to stimulate among metallurgists a timely interest in atomic structure. 


*Djownkorsky and Karis, Journal Phys. Radium, Vol. 5, 1944, p. 53. 
*Talpain, Journal Phys. Radium, Vol. 6, 1945, p. 176. 





THE MEASURED KNOOP HARDNESS OF HARD 
SUBSTANCES AND FACTORS AFFECTING 
ITS DETERMINATION 


By NEwMAN W. THIBAULT AND HELEN L. Nyguist 


Abstract 


This paper discusses in detail the factors, many hitherto 
unknown or little realized, which may influence the 
measured Knoop hardness number, especially of hard, 
brittle substances. As a result of the study the authors have 
specified the conditions under which they believe a deter- 
mination of the Knoop hardness number of such substances 
should be carried out, and they present in Table II a self- 
consistent series of Knoop numbers determined in this 
manner for a variety of materials ranging in hardness from 
boron carbide down to hardened tool steel, Rockwell C-60.5. 


INTRODUCTION 


OR some time prior to 1936, Frederick Knoop and his associates 

at the National Bureau of Standards had been experimenting with 
different methods for the quantitative determination of the hardness of 
various crystals and glasses (1). After abandoning scratch methods 
because of excessive wear of points and edges, and indentation methods 
of the cone, ball and square-based pyramid types because of excessive 
fracture of the specimen even under light loads, an instrument was 
designed to permit indentations to be made with a diamond which was 
lapped to the form of an elongated four-sided pyramid with obtuse 
included angles. 

The original apparatus, allowing the application of the indenter 
under loads of 25 to 4000 grams, was entirely mechanical in construc- 
tion. Because it has been adequately described and illustrated (2), (3), 
the details will not be repeated here. The instrument offers certain 
advantages over other cofmmon indentation methods. For example, 
brittle substances may be indented with much less fracturing, and the 


*The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, N. W. 
Thibault is research crystallographer, and Mrs. H. L. Nyquist was assistant in 
the Research Laboratories, Norton Company, Worcester, Mass. The junior 
author’s present address is Conneaut, Ohio. Manuscript received July 17, 1946. 
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hardness of thin films, such as platings, may be determined because of 
the very shallow depth of penetration of the diamond into the specimen. 
Futhermore, because of the small size of the indentations which result 
from the use of low indenting loads, the hardness of microconstituents 
may be determined, and steep hardness gradients, such as may exist in 
metals due to case hardening, may be investigated. 

Sometime prior to 1940, the Wilson Mechanical Instrument 
Company was requested to design, manufacture, and market an instru- 
ment embodying the principles of the original National Bureau of 
Standards apparatus, and they were licensed to make the Knoop 
indenter (4). The Wilson instrument, known as the “Tukon Tester”, 
is fully automatic, being electrically controlled during the complete 
indenting cycle, and permits indentations to be made under loads of 
25 to 3600 grams. Both the original Tukon instrument and the newer 
model incorporating the solenoid dev'ce (5) have also been adequately 
described and illustrated (6), (7), (8), (9), (10). It is now customary 
to refer to the diamond indenter described above as the “Knoop” in- 
denter, and the hardness value obtained by its use, the “Knoop” 
hardness number. 

Norton Company purchased one of the first of the original Tukon 
instruments, and associated optical equipment, and the authors have 
been actively engaged in Knoop hardness investigations since the 
spring of 1942. 

As with any method of hardness testing, there are two broad 
methods of approach. The first, the more practical, is to attempt to 
control the testing conditions only to such an exent that self-consistent 
data will always be obtained. The second, more critical, is to attempt to 
obtain hardness values which are not only self-consistent, but which 
agree rather closely with the results obtained on the very same speci- 
mens by other careful, qualified investigators using the same method 
in other laboratories. 

It is obvious that self-consistent, comparative results are more 
easily achieved than are universally concordant values, because, in the 
former case, there are fewer variables, and control over them may be 
exercised by a single person, or a very closely associated group of 
workers. In the latter case, however, not only is the number of vari- 
ables much greater, but a large amount of co-operative work may be 
necessary among a number of different laboratories before concordant 
results can be obtained. 

Believing that the Tukon tester employing the Knoop indenter 
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was an instrument of high precision capable of yielding hardness 
values which would be concordant from laboratory to laboratory, we 
prepared a series of standard samples of different substances varying 
in hardness from a methacrylate plastic to silicon carbide. These were 
to serve as our master standards to check the self-consistency of our 
own results. These samples were submitted to the National Bureau of 
Standards which indented them under various loads using their original 
instrument, and measured the indentations by their standard method. 
Later we did the same, using our own Tukon tester and optical equip- 
ment. Subsequently, similar co-operative work was undertaken with 
the Wilson Mechanical Instrument Company and five other laboratories. 

Because of the early lack of agreement between the Knoop number 
determined by ourselves and others on the very same prepared speci- 
men, and our own occasional inconsistencies, it was decided to investi- 
gate, as systematically as possible, the various facters influencing the 
Knoop number of hard substances. 

This study, now complete, has been most fruitful. It has been 
found that a large number of factors, many of them generally unknown 
or little realized previously, may greatly affect the Knoop number, 
especially in the case of hard, brittle substances. These have served to 
explain in large measure the differences between our own results and 
those of other laboratories, as well as many of the gross discrepancies 
to be observed in the literature (see Table I). From a very practical 
point of view, the study has led to a better control of the variables 
affecting our own determinations, and has resulted in our ability to 
produce self-consistent data which are much more precise than they 
otherwise would have been. 

In Table Il we present our own Knoop hardness values for a 
variety of hard substances. 

This paper discusses the determination of the Knoop hardness 
number of hard substances, both nenmetallic and metallic. There are 
several reasons for devoting a seemingly disproportionate amount of 
space to nonmetallic substances in an article addressed principally to 
metallurgists. First, although the study mainly concerned hard non- 
metallic materials, most of the factors investigated also affect the 
determination of the hardness of ductile metals, although often to a 
lesser degree. Secondly, there is an advantage in studying brittle non- 
metallic substances because there is little likelihood of any disturbing 
effects caused by cold work, either during the preparation of the sur- 
face or during the indentation itself, as may occur with metals. Finally, 


THE A. S. M. 


ANSACTIONS OF 


T 


274 





c06°£S9 ™ 


eevee OS6I “BO 


OFTI-S86 


SEZI“STTL 2 eniq sneqjuds 
SS6IL-OSZI :Aqn4 ysep 
OLEZT-SZHL *Aqns yysty _ 
OFZZ-OL6I +S8Sapsojoo 


oHey3u As 


> yoe[q 


c 
9Z :us018 


eves 0092 


(II ®19®.L StH Wos7) 
(Z) 1?4ourM 


P1NQBII YT 942 UT pazsoday 


“OM 


> “po 


(ZT) Ruud yoV 


‘SplepunIg Jo Neaing [BUOTEN 94} WO1} San[eA Poestadsis 9y} Sse (O[) IseSAY Aq uray, 


O06Z°01Z2 


OOST-OSOL -OSOI 


UUcEe ™ 


O89L-OZ9T 


—- *S£9T-0Z9I 


* 86, 
AR[NSy,, 


*SSOL ISCO i pazeis you Ajatie, 


OSTZ-OSOC + ARG 


an OPIZ-OL1Z :Uee43 SOSTZ +0007 


00zz << 


a 097Z-OSZz ‘OLzZ = papjout ‘cozz 


é 


0058-0008 


«0869-0055 ‘0088-0028 ‘0078 


(9) a1poag 


(¢) (Z) CL) Spaepurig jo 
Nesing [BUOTEN ay) JO Ris 
24} JO Sdaquiayy Aq peysyqng 


SB S20UBISGNS Pseyy yO Ss9quINN ssoupseyy doouy 


1 71481 





zysenfj 
Aojoqiey 


™ 


apiqseo uayssun TL 
zedoy 8 
jeurds 


wnpunJo’)) 


,4inpunly,, 


PPIqsBd UODTTIS 
apiqieod unyejuey 
apiqies uol0g 
apiques 
wnrue} Udys3un y 


puowriqg Ol 
(aanjesayy ayy aeoS 
Ul pajyeusisag SUOTW 
SB) 2ouURISqNS 


oy} JO Ajupeys20uN 











1947 KNOOP HARDNESS TESTING 275 
Table Il 
Knoop Hardness Numbers Determined at 100-Gram Load (Kj) for Various 
Hard Substances. Random Crystal Orientation 
Knoop Number 

—100-Gram Load (Ki99)—— 

Substance Average Range 
{Primary boron carbide (‘‘Norbide’’) 2800 2670-2940} 
) Molded boron carbide (‘‘Norbide’’) 2760 2580-2900 § 
(Gray silicon carbide (Regular ‘‘Crystolon’’) 2460 2250-2680) 
|Gray silicon carbide [Regular “‘Crystolon’”’ (check) ] 2550 2320-2760 | 

| 

'Green silicon carbide (Green ‘‘Crystolon’’) 2480 2230-2740! 
| Green silicon carbide [Green “‘Crystolon”’ (check) ] 2480 2130-2620 | 
| Titanium carbide 2470 2350-2620 | 
Tungsten titanium carbide 2190 2050-2320 
{ Alpha-aluminum oxide (“38 Alundum’’) 2050 1860-2200) 
| Alpha-aluminum oxide (synthetic boule) 1950 1680-2100} 
Primary (unbonded) tungsten carbide (WC) 1880 1570-2140 
Cemented carbide (“Kennametal K6’’) 1800 1700-1940 
Cemented carbide (“Kennametal KM’’) 1500 1390-1600 
Cemented carbide (““Kennametal K12"’) 1410 1280-1500 
Garnet (Barton Mines, New York) 1360 1240-1440) 
| Topaz (Thomas Range, Utah) 1340 1240-1500} 
Synthetic blue spinel (Linde) 1270 1190-1460 

Quartz 820 760-880 

Hardened tool steel, Rockwell C-60.5 740 730-760 


the sections devoted specifically to the brittleness characteristics oi the 
nonmetallics are directly applicable to hardness studies of brittle metals 
and intermetallic compounds whose hardness it has been impossible to 
determine with the conventional Vickers or Rockwell instruments. 


REVIEW OF THE LITERATURE 


In this section, only those articles concerned largely or entirely 
with the Knoop method, or which contain original Knoop data on hard 
substances, will be reviewed. Those who are interested in the appli- 
cation of the method to the solution of specific problems are referred 
to the recent papers by Lysaght (9), (10). 

A preliminary description of the Knoop indenter was given by 
Peters and Knoop (11) who applied the method to the measurement 
of the hardness of a series of glasses. 

In 1939, Knoop, Peters and Emerson (2) published a detailed 
description of their original instrument. In addition to discussing the 
factors which led to the selection of the shape of the indenter for 
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general use, the recommended indenting procedure, and the dimensional 
basis for computation of the Knoop hardness number, other factors 
influencing Knoop results were considered, including the effect of load 
on the hardness number. The field of application of the indenter was 
stated, and comparisons made between the Knoop, and Vickers and 
Brinell numbers for a few metals. Hardness data given by these and 
other authors for materials as hard as or harder than quartz, omitting 
values queted for certain metals whose hardness was not investigated 
by the present authors, are given in Table I of the present paper. 

At about the same time Peters and Knoop (1) briefly described 
the method and gave the hardness number of a series of glasses and 
other substances. The values quoted for the harder materials are also 
included in Table I since they differ slightly from those previously 
quoted (2). 

Later, Peters and Knoop (3) again described the apparatus, and 
outlined the results of the application of the method to several metal- 
lurgical problems. 

Mrs. Brodie (6) was the first to discuss and illustrate the original 
Wilson adaptation of the National Bureau of Standards instrument, 
her experience being almost exclusively with metals. Various applica- 
tions of the instrument were described and illustrated, and the hardness 
of a number of metals was given. In this paper and the accompanying 
discussion a number of factors affecting the Knoop number were men- 
tioned. These will not be enumerated here, but will be included in the 
appropriate section later in the present paper. 

McKenna (12) published a Knoop value for WTiC., as compared 
with those for silicon and tungsten carbides. 

Winchell (7) stressed the effect of the crystallographic orienta- 
tion of the test specimen on the Knoop number, and suggested a method 
for rigorously defining the orientation relative to the long dimension 
of the indenter by the use of three independent co-ordinate angles. 
Knoop numbers were given for a large number of different orientations 
on 16 different minerals and allied substances which he tested. 

Tate (8) showed that, when steel and glass were indented, the 
Tukon tester equipped with the solenoid device consistently gave in- 
creasingly higher Knoop numbers with lower loads, an ebservation 
previously made by others (6). Tate gave evidence suggesting that 
this effect might be due to elastic recovery in the iong dimension of the 
indentation, the amount of recovery being essentially independent 


of load. 
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Lysaght (9) described the latest model of the Tukon tester 
equipped with solenoid device, microscope attached to the instrument, 
and a mechanical stage which permits very precise movement of selected 
small areas from the microscope to the indenter. He mentioned a num- 
ber of metallurgical problems to which the instrument has been 
advantageously applied, and discussed several factors affecting the 
Knoop number. Later Lysaght (10) discussed the application of the 
method to the study of the hardness of nonmetallic substances. 


MEASURED Knoop HARDNESS NUMBERS OF VARIOUS 
Harp SUBSTANCES 


As a result of our study of the factors affecting the determination 
of the Knoop hardness number of hard substances, we have found it 
necessary to establish a rigorous set of conditions governing the deter- 
minations. These are fully discussed in the following section, and are 
recapitulated in the summary. They are recommended to those studying 
the Knoop hardness of such materials. 

Table II gives the average and range of Knoop hardness numbers 
for 100-gram load and random orientation for a variety of hard mate- 
rials determined in this manner. It differs from previously published 
data in that it 1s self-consistent and is accompanied by the necessary 
details concerning the conditions of indentation and measurement. 

No data for diamond are included in Table II because we had no 
facilities for making impressions at the extremely slow indentation rate 
said to be necessary to avoid excessive damage to the indenter (6, dis- 
cussion). Since all the values quoted for the diamond were based on 
experiments made at the National Bureau of Standards with a load of 
500 grams (10), no direct comparison can be made with our data for 
hard compounds as given in Table IT. 

Precision of the Data—lIt is quite impossible to calculate the pre- 
cision of the data given in Table II because of the large number of 
possible variables which might affect the results, but which could not 
be evaluated mathematically. A better test of the precision is to repeat 
the determinations by making and measuring another set of indenta- 
tions on the same specimen. 

This procedure was adopted for both gray and green silicon car- 
bide (‘“Crystolon’’) with the results given in Table II. A difference of 
90 units, such as was obtained with gray SiC, might at first glance 
appear rather great. This is equivalent to a difference of only 0.4 micron 
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Fig. 1—Number of Microns Equivalent to Plus 50 Knoop Units at 
Different Knoop Hardness Levels. 100-gram load. 


in the average length of the indentations, and considering the many 
factors which may affect the determinations, it cannot be considered 
excessive. Fig. 1 shows the number of microns equivalent to plus 50 
Knoop units at various Knoop hardness levels for indentations made 
at 100-gram load, and is presented to indicate how precisely 100-gram 
indentations in hard substances must be measured to minimize differ- 
ences in the resulting Knoop number. For example, at a Knoop hard- 
ness level of 1000, 50 Knoop units is equivalent to 0.9 micron in length 
of indentation, whereas at 1500 the same difference is equivalent to 
0.5 micron. At 2800 this difference is only 0.2 micron. This figure also 
indicates that greater precision may be expected with the softer than 
with the harder substances merely because indentations in the former 
are longer, and errors are therefore likely to be a smaller percentage of 
the determined length. Factors, such as the tendency of the sample to 
crack badly, and poor reflectivity of the polished surface may counter- 
act this trend in specific instances. 

No difference is claimed between primary and molded boron 
carbide, between commercial green and gray silicon carbide (“Crys- 
tolon”) and titanium carbide, between the alpha alumina in “38 
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Alundum”’ and in colorless synthetic sapphire boules, or between the 
garnet and topaz. 

The average values of Table II can be repeated much more closely 
than the range. Not only is the former an average of a much larger 
number of indentations, but, when only 25 grains are indented to 
obtain “random”’ crystal orientation in the case of coarsely crystalline 
substances, there is little likelihood that the hardest and softest possible 
directions are indented during the experiment. 


Factors AFFECTING THE KNoop HARDNESS NUMBER 
Preparation of Surface to be Indented 


Previously (9) it has been pointed out that one of the serious 
disadvantages of the Knoop method is the necessity of preparing 
samples which are plane, highly polished, and free from scratches. 
This is particularly applicable to the determination of the Knoop 
number of hard, brittle substances because, while it is of utmost 1m- 
portance to approach perfection in these respects if any degree of 
precision in the determination of Knoop hardness is to be attained, 
it is at the same time very difficult to prepare the surfaces properly. 

Since, as will be indicated later, the precise measurement of inden- 
tations even in ideally prepared specimens of hard materials is very 
difficult, deep scratches, pits, and irregularities due to imperfect polish- 
ing cannot be tolerated. If such defects occur at the extremities of the 
indentations, greater uncertainty as to the actual ends will exist; or if 
the surface is irregular, rounded or otherwise departs even minutely 
from a plane, the effect on the hardness number may be noticeable. 
This will be particularly evident when it is realized that indentations 
made with a 25-gram load on boron carbide or silicon carbide are only 
about one-third of a micron deep when under load. 

We therefore feel it necessary to prepare surfaces which are 
optically flat, highly polished, and which, in the areas indented, show a 
minimum of minute scratches of low contrast when examined with 
optical equipment of high resolving power. Figs. 5, 7b, and 9 illustrate 
surfaces which we believe were properly polished. 

Methods of Polishing Hard, Brittle Substances—After consider- 
able experimentation with various possible methods of obtaining the 
desired results, a sequence of operations has been evolved which, 
although not at, all foolproof, and requiring considerable skill, has 
given satisfactory results with most nonmetals harder than quartz as 
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well as with cemented carbides. Because a number of experimenters 
have shown considerable interest in the method, which has not been 
published previously, it will be described briefly. 

If the specimen to be polished is small enough and contains a 
relatively flat surface not over about 0.5 inch in diameter, it is mounted 
in phenol formaldehyde resin (“Bakelite”) by the use of molding 
powder and a standard specimen mount press. The sample is placed as 
nearly in the center of a 1.25-inch diameter mount as possible. 

If the original specimen is too large, one of the proper size and 
shape must be broken or cut from it. For several reasons we find it 
advantageous to mount the original irregular specimen on a suitable 
plate with an adhesive such as DeKhotinsky cement, and cut the small 
specimen from the larger by the use of a diamond cut-off wheel mounted 
on a suitable rigid machine. A resinoid-bonded disk as small in diameter 
and as thin as possible, with the diamond about 100 grit and 100 con- 
centration, is recommended. The cutting should be done wet, pref- 
erably using kerosene or light oil. If this operation is properly 
conducted, the cut surface of the sample will ordinarily be flat with a 
fine matte finish, requiring a minimum of time in subsequent operations. 

All lapping, honing and polishing of the specimen are accomplished 
on the Graton-Vanderwilt polishing machine (13) using diamond 
abrasive exclusively. 

If the surface of the sample mounted in the resin is irregular, 
requiring the removal of considerable stock to produce a flat surface, 
loose diamond powder as coarse as Department of Commerce grade 
60 (35 to 85 microns) (14) followed by successively finer sizes may 
be used on a cast iron lap with kerosene or light oil or a mixture of the 
two being employed as lubricant. Surfaces prepared by cutting off the 
specimen with a diamond wheel are usually so flat that no lapping 
with loose diamond powder is necessary. 

We find it distinctly advantageous to follow the loose grain lap- 
ping operation by another in which the specimens are honed on a 
specially prepared lap in which size 500 (Department of Commerce 
grade 25) diamond is bonded with bronze by powder metallurgy. Using 
a small amount of light oil as lubricant, a specimen, previously prepared 
by cutting off or by lapping with loose diamond, should be suitably 
prepared for the polishing operation in from 1 to 5 minutes’ hon- 
ing time. 

Polishing is effected by the use of Department of Commerce 
grade 14 (8 to 20 micron) diamond on a lead lap, followed by another 
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lead lap with grade 2 (1 to 3 micron) diamond. Polishing on lead laps 
is a very critical operation, much more of an art than a foolproof 
procedure, so the outline given will serve only as a guide; satisfactory 
results will be obtained only by trial and error. 

The lap is wiped with a solvent such as carbon tetrachloride to 
remove oil and accumulated debris. Then a very small amount of the 
diamond, made up into a paste with light oil, is daubed onto the lap 
surface in about a dozen places. A drop or two of oil may be added, 
and the diamond and oil spread around with the fingers. Under proper 
operating conditions the surface of the lap has a velvety appearance 
when the specimens are being polished. The lap must be kept free 
from excessive oil or accumulated debris since these tend to cause 
relief polishing and “plucking out” of the softer constituents. 

A polish may usually be obtained by use of the grade 14 diamond 
on the lead lap, but the surface usually is badly scratched. These 
relatively deep scratches may be removed almost completely by em- 
ploying grade 2 diamond on another lead lap which is best operated 
nearly dry. For the final polish the lap is often wiped dry with carbon 
tetrachloride, and used a very short time in that condition. Care 
should be exercised not to operate a dry lead lap for long periods, since 
there is danger that excessive heat may cause galling, which results in 
an undesirable undulatory lap surface. 

The time required for polishing varies considerably, depending 
upon the material and lap conditions. At times, samples have been 
polished satisfactorily in 10 minutes, but, on the other hand, several 
hours may be required to finish a specimen properly. 

With molded boron carbide a better polish was obtained by the 
use of levigated alumina on hardwood, or on a lap made from size 
600 “‘Alundum” bonded with shellac. 

Method Used to Polish Steel—The hardened tool steel, data on 
which are included in this paper, was very carefully polished by Dr. L. 
P. Tarasov in such a manner as to minimize any cold working and 
pitting of the surface. After it had been polished on a rotating 3/0 
metallographic emery-paper disk, it was repeatedly polished on a 
series of kerosene-soaked 4/0 disks so that the scratches were alter- 
nately removed in one direction, and then at right angles thereto. By 
finishing with partially used 4/0 disks at very low pressure it was 
possible to employ only a single stage of wet polishing using levigated 
alumina. Repeated light etching with nital, followed by repolishing 
with levigated alumina, completed the process. This method was 
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selected as being the most suitable from the standpoint of available 
equipment. 

Effect of Polishing Operation on Hardness Number—Several of 
the hard, brittle substances included in our study occurred in the form 
of crystals with plane, reflective natural faces relatively free from 
imperfections. This offered an opportunity to determine whether the 
polishing method utilizing diamond on a lead lap had any effect on 
the Knoop number. Crystals of silicon carbide and quartz were mounted 
in resin in such a manner that specific crystal faces were at the surface 
of the mount. A series of ten indentations, using 100-gram load, was 
placed on these faces and the average Knoop number determined. Then 
a few microns were removed from the surface of each specimen by 
use of the honing and polishing method outlined, and the Knoop number 
redetermined on the polished surface with the same load and same 
orientation of the long dimension of the indentation. The results of the 
study were as follows: 

Knoop Number at 100-gram Load (Kui) 


Crystal Face Polished Surface 
Substance Average Range Average Range 
Silicon Carbide 2550 2480-2610 2520 2450-2630 
Quartz 840 810-860 830 800-860 


From this we conclude that polishing hard, brittle substances by 
the use of diamond on a lead lap has no measurable effect on the Knoop 
number for loads at least as low as 100 grams. 


Indenting Equipment 


Effect of the Solenoid—Unlike the National Bureau of Stand- 
ards instrument in which the indentation was made by slowly lower- 
ing the diamond into the specimen being tested, the original Tukon 
apparatus effected indentation by raising the test sample into the 
diamond, the entire indenting load being applied by the speed of the 
elevating screw. 

As a result of our early co-operative work with the National 
Bureau of Standards, certain differences between values determined in 
the two laboratories were evident; particularly, our Knoop numbers, 
determined on hard substances such as SiC using a 100-gram load on 
the original Tukon, were considerably lower than the values reported 
by the Bureau, using the instrument which they had designed. The 
Bureau was kind enough to point out that their Tukon instrument was 
giving similar low values with low loads and attributed it to errors 
introduced by inertial forces acting at the instant the beam was picked 
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up. This effect seems to have been quite general with the original Tukon 
instruments (6, discussion), (8), (9). 

To correct this defect inherent in the original Tukon model, D. R. 
Tate of the National Bureau of Standards developed a solenoid device 
which prevented full application of the indenting load until after the 
upward motion of the specimen had been arrested (5). In addition, 
side-play was practically eliminated by a torque-arm attached to the 
elevating screw. 

Fig. 2 shows a comparison of the Knoop results obtained by 
indenting the base of our standard sample of SiC before and after 





x 
’ 2 With Solenoid 
55 ca 
Bg 
GdSeaeere =O —ereeee 
2 ox | "=re=eee 
z ~~ Without Solenoid besssesaanh 
: | 
eo 100 200 300 400 500 
Load, Grams 


Fig. 2—Effect on Knoop Hardness of Installation of the Solenoid to the Tukon 
Tester. Comparison made by indenting the same crystal of SiC in the same ori- 
entation before and after attachment of the device. 

attachment of the solenoid and torque-arm to our Tukon. Although 
the curves shown in Fig. 2 are directly comparable, the effect of the 
solenoid and torque-arm being the only variable outside of normal 
experimental error, the actual Knoop numbers obtained under the 
conditions are not given in Fig. 2. This is because both curves are 
affected by other variables of indenter and conditions of measurement, 
discussed subsequently, which resulted in actual values which are not 
in accord with those we now accept. There is no doubt, however, that 
our original Tukon gave hardness numbers which were too low both 
for 100 and 200-gram loads. In the case of SiC, the original instru- 
ment gave Knoop numbers which were nearly 20% too low at 100- 
gram load. With plate glass, the only other comparison made, the 
curves were quite similar to Fig. 2 in general appearance, and the 

value obtained by the original instrument was about 12% too low. 
Winchell (7) stated that the solenoid device was installed on his 
instrument when about half the corundum tests reported had been 
completed. He felt that such installation had not vitiated his previous 
results because indentations made on fluorite (a soft mineral with a 
Knoop hardness of about 150) were about the same before as after 

installation of the solenoid. 


| 
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It is quite probable that some of the original Tukon instruments 
showed less of an error due to inertia of the beam and weights than 
did ours. However, we do not believe that the attainment of concordant 
results on a soft substance with Knoop hardness of only 150 before 
and after installation of the device is sufficient evidence that similarly 
concordant results would have been obtained on a hard substance with 
a Knoop number of about 2000 (e.g., aluminum oxide). 

Our co-operative work with the National Bureau of Standards 
also indicated that our indentations made with the original Tukon 
model were cracked to a greater extent than those made with the 
National Bureau of Standards instrument at the same indenting load. 
As would be expected, the attachment of the solenoid and torque-arm 
to our Tukon resulted in less tendency to crack the specimen, the 
amount of fracture being about the same as that shown by the National 
Bureau of Standards apparatus. 

It is our opinion that no Knoop hardness investigations, particu- 
larly of hard substances at low indenting loads, should be made unless 
the Tukon is equipped with the solenoid. Even though it might be 
proven that a particular instrument, unequipped with solenoid, was 
not giving abnormally low Knoop values nor excessive cracking of 
brittle substances at low loads, it seems very likely that the effect 
mentioned would sooner or later appear as the apparatus became 
slightly worn. The Wilson Mechanical Instrument Company has in- 
formed us that all Tukon instruments manufactured since April 1943 
have been equipped with the solenoid and torque-arm.’ 

External Vibration—Although it has been stated (6, discussion) 
that inconsistent results may arise from vibration being transmitted 
from control box to the Tukon, we were never able to substantiate this 
contention. Neither could any variations in hardness results be traced 
to slight vibrations present in the building, although such vibration was 
often ‘sufficient to cause considerable movement of the image of the 
indentation when viewed through the microscope attached to the 
Tukon cowl. It was easily shown, however, that abnormally long in- 
dentations would result if the table on which the apparatus was 
mounted was jarred slightly during the indenting period, especially 
when very low loads were being employed. 

As a precautionary measure, however, the table on which the 
instrument was mounted was equipped with shear rubber vibration 
dampers on each leg, and an inch-thick felt pad was placed under the 





2Personal communication, V. E. Lysaght, May 29, 1946. 
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control box. Vertical coil suspension springs, similar in design to those 
used for eliminating vibrations on the Bausch and Lomb metallographs, 
would probably be even more effective than shear rubber dampers. 
Great care should be exercised to be certain that the apparatus is not 
rocking at the time indentations are being made, and that the table is 
not jarred during the indentation period. 

Balance of Beam and Precision of Applied Load—When the 
apparatus was returned after installation of the solenoid, the balance of 
the beam and the precision of the load applied from 25 to 500 grams 
were checked by mounting an equal-arm balance on the Tukon stage. 
The applied loads were found to be correct to within at least + 0.2 
gram, the approximate sensitivity of the method which we employed 
for checking. 

Diamond Damage or W ear—The elongated pyramidal diamonds 
used as the Knoop indenters may be inspected and certified either at 
the Wilson Mechanical Instrument Co. or the National Bureau of 
Standards. One of the specifications reads: “The longitudinal edges 
shall be free from nicks greater in length than 0.5 micron for a dis- 
tance of 125 microns from the point” (15). 

Although this inspection insures that a new or relapped diamond 
is at least free from all but extremely minute nicks, the user should 
make certain that his diamond is carefully handled, inspected periodi- 
cally for the appearance of nicks on the longitudinal edges, and returned 
for resharpening whenever such a condition becomes evident. 

We have selected certain specimens of different hardnesses which 
serve as master standards not only for the purpose of inspecting in- 
dentations for imperfections indicative of the presence of nicks on the 
diamond edges, but also for the purpose of ascertaining whether the 
apparatus is giving consistent-results at all times. Obviously, inspection 
of the indentations for evidence of imperfections should be made 
under conditions of the greatest optical resolving power. Wherever 
possible we employ the 80X apochromatic oil immersion objective 
(1.40 N.A.) on the Bausch and Lomb Research Metallograph using 
bright-field illumination. 

Fig. 3a shows the first indentation made with one of our recently 
purchased diamonds. It was made on the base of a crystal of SiC, using 
100-gram load. Although the ends of the indentations gradually faded 
out: in the normal manner, there was a minute nick in the longitudinal 
edge of the diamond as indicated by the arrow on the photomicrograph ; 
the inspector apparently considered this nick to be less than 0.5 micron 
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Fig. 3—Imperfections in Knoop Indentations Caused 
by Nicks in the Longitudinal Edge of the Diamond. Pho- 
tomicrographs made on the Bausch and Lomb Research 
Metallograph using 80X oil immersion objective, bright- 
field illumination. (xX 2000). (a) Indentation made in 
SiC by a new diamond indenter using 100-gram load. 
Note minute imperfection, I. (b) Same as 3a except in- 
dentation made after the diamond had been constantly used 
for about 6 months, indenting various hard substances. 
Note enlargement of original nick. (c) Abrupt termina- 
tion of an indentation caused by a nick occurring precisely 
at the end of the impression. The indentation, made in 
a cemented carbide, should be several microns longer. 
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long, although our measurements would indicate that it slightly ex- 
ceeded the limit. There is, of course, a slight possibility that the nicking 
may have occurred during the first indentation made on the silicon 
carbide. 

Periodically, indentations were made on the same specimen under 
the same conditions. It was found that the original minute imperfection 
was becoming larger, until, after a period of approximately 6 months 
during which time the indenter was constantly being used to indent 
hard substances, the indentation appeared as in Fig. 3b. Not only was 
there one rather prominent imperfection, but other smaller ones, not 
evident in the photomicrograph, were developing near the opposite 
end of the indentation. At this stage the diamond was returned for 
relapping. 

The possible effect of imperfect diamonds on the Knoop number 
is well illustrated by Fig. 3c. Here it is quite evident that the indenta- 
tion would have been several microns longer if the nick in the longi- 
tudinal edge of the indenter had not occurred precisely at one end of 
the impression, causing an abrupt termination. 

Our co-operative work with other laboratories has indicated that 
the possible effect on the Knoop number of damage to or wear of the 
indenter is not fully appreciated, since indentations are being made 
with badly nicked diamonds. Certainly such imperfection should not 
be tolerated if precise results are to be expected, especially with hard 
substances indented under low loads. 

In order to prevent possible delays in hardness testing due to the 
necessity of having diamonds relapped, it is advisable to have an extra 
indenter on hand. 

Weight of Diamond and Holder—The combined weight of the 
Knoop diamond and its metal mount is not held constant. For this 
reason it is necessary to rebalance the instrument if a new diamond 
indenter is employed, or if an old diamond is being returned to the 
Tukon after having been relapped. Eventually the Wilson Mechanical 
Instrument Co. hopes to control the combined weight of diamond and 
holder, and in the meantime has changed the design of the counter- 
weight to allow easier rebalancing of the beam." 

Different Certified Diamonds—For approximately three years 
from the time our Tukon was purchased, we continued to use the 
original certified diamond indenter 20 supplied with the instrument. 
Then, while attempting to study the effect of asymmetry of indentation 


®Personal communication, V. E. Lysaght, May 29, 1946. 
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Fig. 4—Differences in Knoop Hardness Numbers Caused by the Use of Different 
Diamond Indenters. 


on the Knoop number, the tip of the indenter was badly fractured by 
inadvertently drawing it across a crystal of silicon carbide. The in- 
denter was immediately returned for relapping, and a new indenter 
[901] purchased. 

After carefully rebalancing the instrument to compensate for the 
different weight of the new diamond and holder, a series of indentations 
was made at various loads in the standard sample of silicon carbide, 
the same orientation of the long dimension of the indenter relative to 
the crystal structure being observed. In Fig. 4 the Knoop numbers 
obtained with indenter 901 are compared with those obtained with 
indenter 20 a short time before it became damaged. So far as is known, 
all other factors likely to influence the Knoop number were constant, 
the two sets of indentations having been measured with the same 
optical equipment by both of the authors. Within experimental error, 
the difference in microns obtained at the various loads was a constant, 
but the Knoop values showed greater differences at 100 grams than at 
higher loads because of the characteristics of the formula used to con- 
vert length in microns to Knoop hardness. 

In attempting to explain these differences, indentations made by 
indenter 20 just prior to the accident were examined very critically on 
the research metallograph at highest magnifications, but no evidence of 
nicks in the diamond nor wear of the very tip of the indenter could 
be found. 

Variations recorded in Fig. 4 were due either to some inherent 
difference between the two diamond indenters, or to an imperceptible 
dulling of the very tip of indenter 20 during three years of use, or to 
both possibilities. 
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Unfortunately it was impossible to resolve the question further 
for two reasons. First, although we had preserved indentations made 
with indenter 20 when it was nearly new, they were not comparable to 
later results because of differences introduced by the installation of 
the solenoid and torque-arm devices mentioned previously. And sec- 
ondly, for some reason the present manufacturers of the diamond 
indenters were never able to relap diamond 20 to meet the National 
Bureau of Standards specifications with respect to nicks, although 
many attempts were made to do so. 

As a result of this inquiry, the Wilson Mechanical Instrument 
Company was kind enough to undertake a series of experiments using 
the same sample of silicon carbide which we employed in the exper- 
iments resulting in Fig. 4. They made ten indentations each at loads 
of from 100 to 500 grams inclusive using six different diamond in- 
denters in stock at the time. 

These tests indicated that, while five of the indenters gave results 
at these loads which agreed with those which we obtained with our new 
indenter 901, one indenter produced impressions consistently shorter 
than the others. The indenters giving concordant results were all of 
recent manufacture and met the present specifications for Knoop in- 
denters (15), while the one giving discordant results [5-1] was pre- 
pared sometime previously by another lapidary when cutting techniques 
had not been as nicely perfected as at present. As indicated in Fig. 4, 
although the results obtained by the use of indenter 5-1 disagreed with 
those obtained with indenters of recent manufacture, the agreement 
with the values from our old indenter 20 is remarkable. 

Diamond 5-1 had an offset of 2.5 microns at the tip. This is greater 
than most indenters of recent manufacture but whether it is the cause 
of the discrepancies noted is problematical. 

D. R. Tate of the National Bureau of Standards reported‘ that 
indenter 20 was mounted with one crystallographic (cubic) axis of the 
diamond parallel to the axis of the indenter mount. The longitudinal 
edges were in a plane bisecting the angle between the other two crystal- 
lographic (cubic) axes. 

Since the present specifications (15) call for the longitudinal 
edges to lie in a plane containing one of the other crystallographic 
axes, it is at least very suggestive that this difference in crystallographic 
orientation between the diamond indenters may have been the cause of 
the different Knoop values obtained with indenters 20 and 901, as 


‘Personal communication, June 14, 1946. 
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illustrated by Fig. 4. The orientation of the diamond in indenter 5-1 
is now being checked. 

Although we have no definite assurance, it would appear that 
the results obtained from indenter 901, at least for impressions longer 
than about 20 microns, are those to be expected from indenters of 
present manufacture. We have therefore discarded all values obtained 
with the older diamond. 

To make certain that our Knoop numbers are always in agree- 
ment with those originally obtained with the use of indenter 901, we 
have a standard sample of silicon carbide containing impressions made 
at various loads with this indenter when it was new. By this control 
we are able to detect any substantial differences which might result 
from diamond wear, or from a new or relapped indenter. 

The Wilson Mechanical Instrument Company has informed us 
the inspection of a Knoop indenter now involves not only the measure- 
ment of the indenter angles, the offset, and the constant relating 
the length to the projected area, but also that indentations are made at 
various loads from 25 to 3000 grams in hard steel of approximately 
Rockwell C-63, and measured in a standardized manner. Inspection 
indentations are not ordinarily made on hard carbides, but this could 
be done if the diamond being certified were to be used on such hard, 
brittle substances.° 

When it is realized that 100-gram indentations in silicon carbide 
are less than a micron deep under load, it is surprising that greater 
differences in Knoop number due to various indenters have not been 
found. The fact that recently lapped diamonds gave concordant 
results on silicon carbide is in itself a testimony to the precision with 
which the facets are lapped to the very edges. 


Measurement of Indentations 


Tate (8) and Lysaght (9) have pointed out that different Knoop 
numbers may be obtained from the same indentations by different 
observers using the same optical equipment, or by a single observer 
using different optical set-ups, but no details have been published. 

With the standard Knoop indenter the length of the indentation 
under load is approximately seven times the width. Since upon re- 
moval of the indenter a larger percentage of elastic recovery may take 
place in the short than in the long dimension of the indentation, the 
ratio of length to width may be eight or greater when the impression 


*Personal communication, V. E. Lysaght, May 29, 1946. 
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is measured. The result is an elongated diamond-shaped indentation 
which is very acute in the long dimension, and which, instead of ending 
abruptly, seems to fade out gradually when examined microscopically 
at high magnification. Although less apparent with indentations in 
metals and other substances of high reflectivity, it is particularly 
evident:in the case of impressions made in transparent substances of 
relatively low index of refraction, such as quartz and topaz. 

Because of this indistinctness, the resolving power of the optical 
system used, and the visual acuity of the observer, may affect the 
measurement of indentations considerably. 

Furthermore, since the length of an indentation enters as the 
square into the formula for the calculation of the Knoop hardness, the 
effect on the Knoop number will be much greater, especially with hard 
materials, where the total length of the indentations is small, not only 
because of the hardness of the substance itself, but also because of 
the necessity of indenting with low loads to prevent excessive cracking. 

Filar Micrometer—The filar micrometer used during our studies 
was manufactured by the Spencer Lens Company. It consisted of 
thirty equally-spaced divisions placed at the focal plane of the eye- 
piece. There was no independent cross-hair, the entire scale being 
moved laterally one scale division for each complete rotation of the 
filar micrometer drum. 

The graduations in the eyepiece were rather broad and interfered 
considerably with measurements when an indentation was _ placed 
within the ruled area. Much more satisfactory results were obtained 
by placing the long dimension of the indentation just outside the ruled 
area, at right angles to the direction of the rulings. One end of an 
indentation was placed just at the tip of one of the graduations. The 
other end was then moved to the tip of the graduation nearest it by 
means of the micrometer drum and the length of the indentation 
thus determined. 

In order to ascertain whether the eyepiece graduations were 
equally spaced, the distance between the images of two close, sharply 
defined cracks in a specimen of SiC was measured using four different 
parts of the filar micrometer scale and the optical equipment now used 
to measure most indentations, as discussed below. Later an indentation 
in SiC was measured several times using various parts of the scale, but 
no differences caused by inaccuracies of the filar micrometer scale 
graduation, or by a variable relationship between the drum and the 
scale, could be detected by either of these tests. 
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Since a lens system usually shows some distortion, the object to 
be measured should be located in the same region of the field as was 
used for calibration of the filar micrometer, preferably the center. 

Calibration of Filar Micrometer—-Since all measurements of in- 
dentations are directly in terms of filar micrometer divisions, it is 
obviously of utmost importance that the micron equivalent of a filar 
division be determined as precisely as possible by reference to an 
exact primary standard. 

The stage micrometer employed as our standard consisted of lines 
ruled on glass by a domestic manufacturer. Although the individual 
0.1-millimeter divisions were found to vary as much as 1%, the filar 
micrometer calibrations resulting from the use of the entire scale 
were found to agree very closely with values obtained by using a 
micrometer consisting of lines ruled on a steel plate by the use of the 
interferometer at the National Bureau of Standards. 

Optical Equipment Used for Measurements—No matter what 
optical equipment is employed for measuring the indentations, certain 
conditions must be maintained. 

In the first place, both ends of the indentations must be in focus 
at the same time, because of the probability of some lateral shift of the 
image during change of focus. The depth of focus of lenses of high 
magnification is very shallow, and some difficulty may be encountered 
if the axis of the microscope is not precisely perpendicular to the 
specimen. 

Then again, the optical equipment should be rigid and free from 
vibration ; it is most disconcerting to observe considerable motion of 
the image of the Knoop indentation upon lightly touching the filar 
micrometer drum, or to note a sudden fuzzing of image due to building 
vibration. The former difficulty, which gave us considerable incon- 
venience when the microscope was first mounted on the cowl of the 
Tukon and the oil immersion lens discussed below was employed, was 
traced to excessive play in the rack and pinion for coarse focusing of 
the microscope. The latter condition was easily corrected by the use 
of vibration dampers on the legs of the instrument table. 

The original Tukon model did not provide facilities for attaching 
a microscope to the instrument, it being necessary to remove the speci- 
men from the Tukon for measurement. Our original optical equipment 
consisted of a small metallographic microscope manufactured by the 
Spencer Lens Company and provided with 16, 8 and 4-millimeter 
achromatic objective lenses. 
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We were never satisfied with such equipment for the precise 
measurement of indentations 20 to 25 microns long, and immediately 
began to experiment with oil immersion objectives and other variations 
in optical set-up. 

Because our early experiments indicated that the measured length 
of an indentation was greater when optical equipment of higher re- 
solving power was employed, we sought the aid of J. R. Benford of 
Bausch and Lomb Optical Company, who very kindly examined a 
series of 100-gram indentations in silicon carbide using various optical 
set-ups. He recommended a 54X, 1.00 N.A. fluorite oil immersion 
objective and bright-field illumination, stating that “a comparable dry 
objective, the 58X, 0.85 N.A., gave a much less crisp and well-defined 
outline to the diamond indentations.’”® 

When our Tukon was rebuilt to include the solenoid device and 
to provide facilities for attaching a microscope to the cowl of the 
instrument, we purchased the oil immersion lens recommended and 
mounted it on a Bausch and Lomb body tube which was attached to 
the Tukon. Since the objective was designed for a 215-millimeter tube 
length, it was necessary to insert a single nosepiece between tube 
and objective to increase the tube length to the proper value. 

Later when a Bausch and Lomb Research Metallograph became 
available we made a series of experiments on the effect of different 
optical equipment on the measurement of one indentation each in 
silicon carbide and aluminum oxide (synthetic corundum). 

In the case of silicon carbide, four qualified observers, each 
accustomed to measuring Knoop indentations, measured the impression 
five times with each of five different optical arrangements, while, with 
the indentation in aluminum oxide, the authors alone made the measure- 
ments. The results of these studies are given in Table ITI. 

Considering the indentations in silicon carbide, it is evident that 
the use of oil immersion objectives resulted in higher micron values 
for the indentation than when dry lenses were employed. In spite of 
its lower numerical aperture the 54X oil immersion lens gave measure- 
ments even slightly greater than those obtained with the 80X objective. 
This appears to be due to the fact that, because of lens design, the 54X 
objective produces an image of greater contrast than afforded by most 
other objectives. 

With dry lenses, the lower the numerical aperture of the objective 
used on the Research Metallograph, the shorter the indentations 





*Personal communication, April 13, 1944. 
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Table Ill 


Effect of Different Optical Equipment and Different Observers on the Knoop Number. 
One indentation each in silicon carbide and aluminum oxide. Four observers for SiC; 
two for Al,0O,; 

Length of 
Indentations Max. Max. 
(Microns) Difference Knoop Number Difference 
(Avg. of All Between (Avg. of All Between 
bservers)— --Observers—, -—Observers)—. -—Observers— 
Optical Equipment SiC Al,Os SiC Al O; SiC AlkOs; SiC Al,Os; 
80X, 1.40 N.A., oil 23.73 26.50 0.20 0.13 2525 2030 40 25 
immersion objective on 
Research Metallograph 
54X, 1.00 N.A., oil 23.85 26.74 0.29 0.11 2500 1990 60 20 
immersion, on micro- 
scope attached to Tukon 
62X, 0.95 N.A., dry, 23.20 26.45 0.27 0.44 2645 2035 60 70 
on Research 
Metallograph 


41X, 0.65 N.A., dry, on 23.14 25.92 0.54 0.07 2660 2115 120 10 
Research Metallograph 


45X, 0.85 N.A., dry, 22.56 25.85 0.50 0.30 2795 2130 125 50 
on Spencer 

Maximum 1.29 0.89 295 140 

Difference 

in Average 


appeared to be. This is more clearly illustrated in the separate paper 
by Tarasov and Thibault (16), where a similar experiment with 
indentations in steel is described. In spite of its higher numerical 
aperture, the 45X objective on the small Spencer metallographic 
microscope consistently gave smaller measurements than the 41X lens 
on the Research Metallograph. Probably this could be explained by 
objective design, or factors connected with the vertical . illuminator 
or light source. 

As indicated in Table III, the maximum difference in micron 
value due to the different optical systems is over 5%, the corresponding 
difference in Knoop number is almost 12%. 

There can be little doubt concerning the validity of these conclu- 
sions. In the first place, each of the four observers agreed on the matter. 
Secondly, the difference cannot be accounted for by errors in calibration 
of the filar micrometer, since both of the authors recalibrated the 
micrometer for each of the five optical arrangements just prior to 
the experiment. And thirdly, we have nine additional comparisons, 
involving six observers, in which the same trends are shown. 

We believe that the most satisfactory method of measuring inden- 
tations in silicon carbide and other substances of equal or higher re- 
flectivity, at least with standard equipment, is by the use of either the 
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54X, 1.00 N.A. fluorite, or the 80X, 1.40 N.A. apochromatic oil 
immersion objective on the Bausch and Lomb Research Metallograph 
or equivalent, using bright-field illumination and decentering the aper- 
ture diaphragm slightly to increase contrast without unduly distorting 
the image. There are certain disadvantages, however, to using such 
equipment. The necessity of removing the specimen from the Tukon 
and mounting it on the Metallograph makes the determination of 
Knoop numbers even more time-consuming since it is often very 
difficult to locate and to identify positively a particular indentation or 
set of indentations under consideration. 

We have therefore standardized on the 54X fluorite oil immersion 
lens mounted on the microscope attached to the cowl of the Tukon. 
For specimens of high reflectivity, such as cemented carbides, the light 
source attached to the tube of the plate glass type vertical illuminator 
was found to be satisfactory for illumination. In the case of other less 
reflective substances such as silicon carbide, this light source was 
entirely inadequate, since the image of the indentation was dim and 
lacked contrast. A ribbon filament lamp operating at 6 volts, 18 amperes, 
and not attached to the microscope was employed for most of our 
determinations. Best results were obtained by focusing the image of 
the ribbon filament on the diaphragm of the vertical illuminator, but 
allowing the light beam to enter the vertical illuminator tube at a slight 
angle. This increased contrast tremendously without introducing 
noticeable distortion, and had the same effect as decentering the 
aperture diaphragm on the Research Metallograph. 

Although the use of an oil immersion objective proved to be 
distinctly advantageous with substances of relatively high reflectivity, 
it is obvious that it cannot be used to measure indentations in trans- 
parent substances of low reflectivity and index of refraction such as 
quartz. Since the refractive index of the immersion medium is so 
close to that of the substance, the indentation is either entirely invisible 
or so lacking in contrast that its length cannot even be approximated. 

In such a case the use of a dry lens under conditions of highest 
possible resolving power would seem to offer the best solution to the 
problem. Since anti-reflection films on metallographic objectives, as 
recently described by Benford (17), produce increased image contrast, 
especially with specimens of low reflectivity, they should increase the 
contrast of Knoop indentations in low index substances, and result in 
greater resolving power. This probability is now being investigated. 

Dr. Horace Winchell suggested’ the use of water immersion 


Personal communication, May 29, 1946. 








q 
P| 
: 





296 TRANSACTIONS OF THE A. S. M. Vol. 38 


objectives of high resolving power. If such lenses, designed for use in 
vertical illumination, could be obtained, they might possibly prove 
advantageous. 

Between these two types of substances there are those of inter- 
mediate index of refraction and reflectivity, for example, aluminum 
oxide, where it appeared that the greater resolving power of the con- 
ventional oil immersion lens could not be realized because of the 
necessity of restricting and decentering the aperture diaphragm con- 
siderably more to gain sufficient contrast than was necessary with 
compounds of higher index of refraction and reflectivity. In order to 
clarify this point, the authors used various types of optical equipment 
to measure one indentation in aluminum oxide, the results of the study 
being given in Table IIT. 

The data would appear to indicate that with such substances there 
is no advantage, nor yet any disadvantage, in using an oil immersion 
lens. As was found in the case of SiC, however, optical arrangements 
of lower resolving power seem to result in lower micron values of the 
Knoop indentation. 

The effect of the resolving power of the optical equipment on 
the apparent length of an indentation may be illustrated by the exper- 
iment resulting in Fig. 5. We happened to have on hand a polished 
specimen whose surface contained a large number of minute pits, and 
also a Knoop indentation so asymmetrical that one side was five times 
as long as the other. As a result, the long end was much more acute 
than normal. 

First, a photomicrograph was taken of this gradually tapering 
end at a magnification of 1000. It was purposely made slightly out of 
focus so that the end of the indentation was hazy, but at the same time 
the pits in the surface were distinct. Then two positives were made by 
contact printing. By correlating the photomicrograph with the appear- 
ance under the microscope, each of two observers then independently 
marked on his own photomicrograph the apparent end of the indenta- 
tion when examined with the following three objective lenses on the 
Research Metallograph: (1) 41X, 0.65 N.A. dry; (2) 62X, 0.95 N.A. 
dry; (3) 80X, 1.40 N.A. oil immersion. 

There was remarkably good agreement between the two observers, 
but a substantial difference due to optical equipment used. According 
to one observer the maximum difference was about 6 microns ; accord- 
ing to the other, 7 microns. It is true that the extraordinary acuteness 
of the indentation accentuated the difficulty in determining the true 
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Fig. 5—Effect of Resolving Power of Optical Equipment 
on the Determination of the End of a Knoop Indentation. 
(x 1000). Apparent extremity of one end of an unusually 
acute impression as determined by two observers using the 
following objectives on the Bausch and Lomb Research Metal- 
lograph: (1) 41X, dry; (2) 62X, dry; (3) 80X, oil immersion. 


extremity of the indentation, but the same trends are to be found on-a 
reduced scale with normal Knoop impressions. 

Personal Factor Affecting Measurements—As might be expected 
with Knoop indentations which, even under conditions of maximum 
resolution, seem to fade gradually away instead! of ending at any 
definite place, differences in the visual acuity of different individuals 
may greatly affect the determined length of impression and hence the 
Knoop number. So elusive are the ends of the indentations, particularly 
in transparent, low index substances, we sometimes wonder to what 
extent imagination enters into the determination. Of this weare certain: 
The measurement of Knoop indentations, made in hard substances 
under low loads, is the most exasperating type of microscopy which 
we have ever experienced. Harassed by the indistinctness of the in- 
dentation terminations which actually seem to vacillate while being 
examined, and the realization that the utmost precision must be ob- 
tained, we have never been able to spend more than a very few hours 
a day measuring Knoop impressions. 

Most of the Knoop numbers reported in this study were based on 
averages determined by the authors independently, or by the senior 
author and Miss Pauline Krukonis. In order to make the measurements 
as objective as possible, we found it necessary for the second observer 
to measure the indentations without knowing the results obtained by 
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the first. If this procedure were not followed, the second observer 
would tend to be prejudiced and thus agree with the determinations 
made by the first observer more closely than otherwise would have 
been the case. No deceit is involved, merely an unconscious reaction 
caused by the normal uncertainty as to exact ends of the indentations. 

The effect of the personal equation on the measurement of inden- 
tations may be either consistent or inconsistent as illustrated by the 
following experiences. 

When, in the early days, we were using the 4-millimeter lens on the 
Spencer Metallograph for measuring indentations, the senior author 
had an opportunity to compare his determinations of the lengths of a 
large number of indentations in silicon carbide with the values obtained 
under precisely the same conditions by a well-known scientist also 
accustomed to measuring such impressions. The latter consistently 
read the lengths of the SiC indentations from 0.7 to 1.7 microns longer 
than the senior author. The average difference was 1.0 micron. Un- 
fortunately, it is impossible to make the same comparison now using 
the oil immersion objective later found more suitable for measurement. 

No consistent differences between observers were revealed by the 
measurements of the indentation in SiC and aluminum oxide recorded 
in Table III. As revealed by the data for SiC, which are more sig- 
nificant because four observers were involved, a better agreement 
between observers is obtained when optical equipment of high resolu- 
tion is employed. 

Considering the measurements made on the same sample by the 
two authors, no consistent differences extending over the entire period 
of the investigation could be found. However, in the case of certain 
series of measurements small consistent differences did appear to 
exist. These usually disappeared, however, on remeasurement of the 
indentations by both observers at a later date. The only explanation 
which we can offer is that our relative visual acuities varied slightly 
from time to time for physiological reasons. 

Time between Indentation and Measurement—The opinion has 
been privately expressed that the apparent length of an indentation in 
hard, brittle materials might decrease with elapsed time between in- 
dentation and measurement due to gradual closing of the indentation 
by recovery of the material indented. 

On three separate occasions, the authors attempted to detect such 
an effect by measuring indentations in boron carbide and silicon carbide 
with the same optical equipment within about 30 seconds of the time 
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of indentation, and again several months later. We were, however, 
unable to obtain any evidence to support the view, and conclude that 
whatever recovery takes place is completed before the indentation 
can be measured. 

Standard Optical Set-up Needed—This study has certainly shown 
clearly that, if concordant results in the determination of the measured 
Knoop number (K,,) of a particular sample of a substance are to be 
obtained from various laboratories, one of the necessary prerequisites 
is a standardization of tht optical equipment used for measurement. 

Because every laboratory equipped with the Tukon microhardness 
apparatus cannot be expected to have a Bausch and Lomb Research 
Metallograph or equivalent available for measurements, and because 
of the great convenience of a microscope attached to the Tukon cowl, 
we recommend the use of the 54X, 1.00 N.A. fluorite oil immersion 
objective on this microscope, and an adequate adjustable light source, 
such as described above, for supplying illumination to the plate glass 
vertical illuminator equipped with diaphragm. In those cases where 
an oil immersion objective cannot be used, either because the indenta- 
tions are so large as to be off the filar micrometer scale, or because of 
the low index of refraction of the substance being indented, a dry 
objective of as high resolving power as possible should be employed. 

Such a standardization would certainly reduce to a minimum 
the differences obtained in the measurement of thé same indentation 
by various observers in different laboratories. 


The Sample Indented 


Identity and Description of Specimens Used—One need hardly 
mention the necessity of properly identifying and describing the 
substance whose Knoop hardness is being quoted. The various materials 
whose Knoop hardness we investigated may be described as follows: 

Primary Boron Carbide (B,C), “Norbide’—Norton Company 
manufactures boron carbide (B,C) under the trade name “Norbide” 
by reducing anhydrous boric oxide glass with carbon in a resistance 
type electric furnace at about 5000 F (2760 C). The Knoop data of 
Table II were obtained by preparing a suitable specimen from fine 
‘“Norbide” grain and indenting only boron carbide itself, avoiding 
impurities which may occur in small amounts in the product. 

Molded Boron Carbide, “Norbide’—This substance, also manu- 
factured by Norton Company and known as molded “Norbide’”, is 
produced by sintering fine primary boron carbide powder by the 
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simultaneous application of heat and pressure. No cementing agent is 
added, the compound being self-bonding. The molded “Norbide” was 
of nearly theoretical density (2.52) and theoretical composition 
(boron to carbon ratio about 4.0), and the polished surface contained a 
relatively small number of imperfections, most of which were less 
than 2 microns in diameter. 

Silicon Carbide—All the Knoop data on single crystals, such as 
the values included in Fig. 11, were obtained from indentations on the 
upper (0001) plane of transparent, green crystals of a-SiC, Type II 
(18). The hardness numbers for gray SiC included in Table II were 
determined by mounting, polishing and indenting fine grains of regular 
“Crystolon”, the silicon carbide manufactured by Norton Company. 
Similarly, the values given in Table II for green SiC were obtained 
from indentations on grains of green “Crystolon”. The data indicated 
by “check” in Table II were obtained by indenting other grains in the 
same polished specimens. X-ray powder photographs of both the gray 
and green “Crystolon”’ samples indicated that they were mixtures of a 
large amount of a-SiC, Type II, and a small amount of Type I. 

Titanium Carbide—This was a product made experimentally at 
Norton Company by the reduction of fused TiO» with carbon in an 
electric furnace. It had the following chemical analysis : 





Ti = 79.66% 
C = 19,73 
N = 023 
Fe =”* 0.04 
Total 99.66% 


Most of the remainder was probably oxygen. An X-ray powder 
photograph made with filtered Cu radiation indicated a cubic compound 
of the NaCl type with a, —4.31 A. This is in good agreement with 
the value a, = 4.311 A quoted in Ref. 19, and with most of the ‘data 
given for the compound in Ref. 20. | 

Tungsten Titanium Carbide (WTiC,)—This sample was ob- 
tained from Kennametal, Inc., in the form of a powder finer than 200 
mesh. Determinations made in our Laboratories indicated a density of 
9.85, and a carbon content of 9.03%, check 9.34%, agreeing reason- 
ably well with the data given by McKenna (21). Only a single phase 
could be detected upon examination of the polished or the etched 
specimen on the Research Metallograph. 

Alpha Aluminum Oxide (“38 Alundum”)—Norton Company 
manufactures a white aluminum oxide abrasive by fusing Bayer-process 
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alumina in an electric arc furnace. The resulting product, known as 
“38 Alundum”, consists almost entirely of pure alpha aluminum oxide 
with a small amount of the so-called “beta” alumina (nominally 
NagO*11Al,O3) as a separate impurity. The Knoop data for this 
material as given in Table II were obtained by indenting “38 Alundum”’ 
grain, care being taken to indent only the pure alpha alumina phase. 

Alpha Aluminum Oxide (Synthetic Boule )—Alpha alumina of 
the highest purity is obtained by melting fine, extremely pure alumina 
powder by a modification of the Verneuil process, and allowing the 
melted drops to build up a pear-shaped mass or boule. The data in 
Table II were obtained by crushing a boule of colorless alpha alumina, 
also known as colorless synthetic corundum, manufactured by the 
Linde Air Products Company. The values in Fig. 11 were determined 
from indentations on a block of colorless synthetic corundum kindly 
supplied us by Dr. Horace Winchell, formerly of the Hamilton Watch 
Company. The orientation given in connection with Fig. 11 was de- 
termined by Dr. Winchell. 

Cemented Carbide (“Kennametal K6” )—-A sample of this product 
was obtained from the manufacturer who characterized it as one of 
the hardest regular commercial Kennametal grades. It was said to be a 
“straight tungsten carbide composition with a low cobalt content.’ 

Cemented Carbide (“Kennametal KM” )—This item, also ob- 
tained from the manufacturer, was said to be a “steel-cutting grade 
containing tungsten carbide, WT1Cos, carbides of tantalum, columbium 
and titanium with high cobalt content.’”* 

Cemented Carbide (“Kennametal K12’)—The manufacturer 
described this product as one of the softest of his regular commercial 
Kennametal grades, “a straight tungsten carbide composition with a 
high cobalt content.’’® 

Topaz—The specimens used in this study were transparent, color- 
less crystals from the Thomas Range, Utah. All associated impurities 
were removed by hand sorting. The identity of the crystals as topaz 
was confirmed by the determination of the optical properties which 
agreed with those published by Larsen and Berman (22). Several 
interfacial angles were measured goniometrically to establish crystal 
orientation, reference being made to Dana’s System (23). 

Garnet—This was obtained from the Behr-Manning Corporation 
of Troy, New York, as representative of the garnet used in sandpaper 
products. It is of the almandite variety obtained from the Barton Mines, 


‘Personal communication from J. C. Redmond, Kennametal, Inc., September 8, 1945. 
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North Creek, New York. Care was taken to indent only garnet, the 
impurities, such as hornblende, being avoided. 

Synthetic Blue Spinel—This material, obtained from the Linde 
Air Products Company, was in the form of a boule. Since its index of 
refraction was found to be 1.727 for sodium light, it is presumed that 
the ratio of Al,O, to MgO is greater than the 1: 1 of normal spinel. 

Quartzs—The data included in Table II were obtained from in- 
dentations made on grains of quartz representative of the “flint” used 
by Behr-Manning Corporation in the manufacture of sandpaper 
products. The values for quartz, in Fig. 11, resulted from indentations 
on a small transparent, flawless, euhedral crystal from Herkimer, 
New York. 

Steel—This was a manganese oil hardening tool steel, hardened 
and tempered to Rockwell C-60.5. 

Variations Within and Between Samples of the Same Designa- 
tion—We have been careful to define as completely as possible the 
substances whose Knoop numbers have been determined during the 
course of the present study. The data refer only to the samples de- 
scribed, and should not be construed as applying equally well to other 
substances of the same general appellation. For example, garnet refers 
to a group of minerals known to vary considerably in hardness. Lack- 
ing a complete chemical analysis, the variety of garnet and the locality 
of occurrence should at least be stated. 

In connection with the measurements on the steel, hardness varia- 
tions existed from point to point, necessitating a definite plan in 
making the indentations. When the data presented in Fig. 11 were 
being determined, sixteen indentations at a given load were placed in 
a square lattice, 0.060 inch between centers in each direction, so that 
there were four rows and four columns of indentations. Corresponding 
arrays of indentations at other loads were suitably displaced from 
each other so that the closest distance of approach between the centers 
of any two indentations was 0.020 inch. Some of the indentations at 
the lower loads were found to be faulty on account of pits or scratches, 
so these were replaced by additional indentations in the general vicinity 
of the faulty ones. When the sixteen visually satisfactory indentations 
at a given load were measured, it was found that the lengths of most of 
the indentations fell within a narrow range, but that a few were con- 
siderably longer or, in some cases, shorter. These were arbitrarily 
discarded as being caused by soft or hard spots and the remainder, 
twelve or more, were used in calculating the average length for that load. 








1947 KNOOP HARDNESS TESTING 303 


In the case of molded specimens, an additional factor, the porosity, 
may greatly affect the results. An excellent example is afforded by a 
recent experience with an experimental series of molded boron carbide 
(“Norbide’’) products. 

Five ‘““Norbide” pieces of the same shape were molded from the 
same molding powder, presumably in the same manner. Four of the 
finished pieces were of nearly theoretical density and a polished cross 
section showed only a relatively few imperfections, mostly less than 
2 microns in diameter. The fifth piece, however, was much lower in 
apparent density than the inspection limit, and consequently the 
polished cross section contained many more imperfections per unit area. 

Ten Knoop indentations were made in each of the five molded 
items using 100-gram load, the following hardness numbers being 
obtained : 








free ee K 100 

Average Range 
High density item 1 2660 2580-2730 
High density item 2 2620 2460-2790 
High density item 3 2700 2550-2800 
High density item 4 2610 2500-2720 
Low density item 5 2170 1760-2400 


Note that the average Knoop hardness of rejected item 5 was much 
lower than that of the other pieces, and that there was no overlap in 
the range of the Knoop numbers obtained from individual indentations. 

Undoubtedly this same effect has been observed by other manu- 
facturers of molded products such as cemented carbides. 

Crystallographic Orientation—Since it is well known that hard- 
ness, however determined, is a vectorial property in single crystals, it 
is not surprising that variations in Knoop number with crystallographic 
orientation were reported by the earliest workers with this new method 
of hardness testing (11). 

Recently Winchell (7) has emphasized the effect of orientation 
on Knoop number, and pointed out that differences in hardness may 
result not only from differences in the orientation of the surface being 
indented, but also from variations in the direction of the long dimension 
of the indentation on that surface. 

He proposed that the orientation of the test surface be defined, 
as in two-circle goniometry, by two co-ordinate angles. Phi (¢), the 
“longitude”, is measured clockwise around the fundamental circle of 
the stereographic projection from the (010) or (1120) position, and 
rho (p), the “co-latitude’’, is the angular distance from the pole or the 
c crystallographic axis. Further, he suggested that the direction of the 
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long dimension of the indentation on the surface being tested be speci- 
fied by the angle theta (6), measured clockwise from the meridian 
position to the long diagonal of the indentation. When rho is zero, 
theta must be specially defined, so in this case it is measured around 
the fundamental circle in the same manner as phi. 

This method of defining crystal orientation for Knoop hardness 
investigations is fundamentally sound, and has been adopted by the 
authors. The three co-ordinate angles may always be determined by 
X-ray methods, particularly by the use of projections based upon 
Laue back-reflection photographs, as described by Winchell (24). 
Except for the sample of synthetic corundum kindly furnished us by 
Dr. Winchell, all of the orientations mentioned in our paper were 
determined by relating the long dimension of the indentations to planes 
and directions obtained from a study of the crystal morphology. Ob- 
viously, this is possible only when the substance being indented exhibits 
a sufficient number of well-developed crystal faces, or cleavages. 

As an example of the effect on the Knoop number of the orienta- 
tion of the long diagonal of the indentation on the same test surface, 
the following data for topaz are of interest. The Knoop numbers 
marked ‘“‘check”’ resulted from measurements of additional indenta- 
tions made on the same sample several weeks later. 


Orientation Range of K,vo 
p Observer Average Koo (10 Indentations ) 
0° 0° N.W.T. 1190 1150-1310 
0° 0° P.M.K. 1200 1120-1300 
0° 0° N.W.T. 1220 (check ) 1150-1280 
0° 0° P.M.K. 1200 (check ) 1150-1260 
0° 45° N.W.T. 1380 1280-1440 
0° 45° P.M.K. 1400 1320-1460 
0° 45° N.W.T. 1410 (check) 1370-1450 
0° 45° P.M.K. 1430 (check) 1370-1460 


There can be no question that a difference of approximately 200 
Knoop units, due entirely to differences in orientation of the indenta- 
tion on the same test surface, actually exists. 

Since most of the hard substances in which we were interested 
were coarsely crystalline, the question arose as to a method of procedure 
which would yield an average hardness number. After preliminary 
unsuccessful attempts to derive average values from determinations 
resulting from indentations made in a few precisely determined orien- 
tations, we decided that more satisfactory average results would be 
obtained with coarsely crystalline products by indenting a large number 
of randomly oriented surfaces. 
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To accomplish this, the following procedure was used: If the 
sample was not already in grain form, the specimen was broken in a 
mortar and a fine size or mixture of sizes was screened out. Grains 
about 0.5 millimeter in diameter were used in most of our experiments, 
although finer sizes down to about 50 microns have also been employed. 

If the grains exhibited no particular cleavage, or crystal faces, 
they were mounted in phenol formaldehyde plastic as described previ- 
ously. If cleavages or crystal faces were common, however, this method 
of mounting resulted in preferred orientation because flat crystal 
planes or cleavages would invariably lie against the bottom platen. To 
overcome this diffculty, the grains were first bonded with resinoid to 
form a small cylinder. Then this was either sawed or broken up to 
form aggregates which were then subsequently bonded with plastic to 
form the 1.25-inch diameter mounts used. In this manner preferred 
orientation was largely avoided. 

To obtain average Knoop hardness data such as given in Table I], 
the mount was lapped and polished as previously outlined. Then three 
to five indentations of the same random orientation were placed on 30 
to 35 grains using a 100-gram load. In each of 25 grains, the same two 
indentations were measured by each of the authors three times, averages 
being computed for each grain. As previously discussed, some indenta- 
tions were not measured because of interference by scratches; others 
were omitted because of excessive cracking. In Table II the range 
values represent maximum and minimum Knoop numbers obtained 
from individual grains. 

It is quite evident that this method of determining the average 
Knoop hardness number of coarsely crystalline substances would have 
been impractical without the Wilson Mechanical Instrument Company’s 
‘“Microton”, or a similar mechanical stage accessory permitting rapid 
and very precise movement of an object from its position beneath the 
microscope to beneath the indenter. 

Some of the discrepancies in Table I may be due to the factor of 
crystal orientation. Except Winchell, the early workers made no men- 
tion of orientation so it is not known whether the results quoted were 
based on one set of indentations representing one orientation, or 
whether they were the average obtained on several orientations. 

When Knoop values determined on single crystals are quoted, the 
orientation should be specified, or a statement made to indicate that 
the hardness number is an average resulting from a large number of 
indentations made in random orientation. 
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If the substance being indented is extremely fine-crystalline so 
that a relatively large number of grains are affected by a single indenta- 
tion, crystal orientation may have little meaning. Each indentation 
should represent more or less of an average condition unless there is 
a preferred crystal orientation which has developed during crystal 
growth or recrystallization, or as a result of some forming operation 
such as wire drawing. 

Because molded boron carbide, the commercial cemented carbides, 
and the hardened tool steel were all very fine-grained, it was not 
necessary to resort to the crushed grain method outlined above to 
obtain average Knoop hardness numbers. 


Relationship of Indenter to Specimen 


Cracking of Specimen by Indenter—One of the advantages 
claimed for the Knoop method of hardness testing was that indenta- 
tions could be made in glass and other brittle materials which shattered 
when tested with the usual ball, cone and square-based pyramidal tools 
commonly used for metals (2). Although this statement is certainly 
quite true, the failure of the early workers to mention any cracking of 
hard compounds when indented with the Knoop instrument gave the 
unfortunate impression that none occurred. 

Later, Hubbard (6, discussion) pointed out that satisfactory 
Knoop values could not be obtained with chromium plate using loads 
greater than 100 grams, because the higher loads caused excessive 
cracking of the specimen, resulting in low and erratic Knoop numbers. 

Winchell (7) indicated that a large number of the nonmetallic 
substances included in his study were fractured by the indenter even 
at loads as low as 100 grams. In fact, indentations made in one crys- 
tallographic orientation in gypsum with 100-gram load were so badly 
cracked that it was impossible to measure them at all. When a series of 
indentations made in one crystallographic orientation in a substance 
resulted in fracturing, Winchell regarded the maximum Knoop number 
obtained as most representative of the true hardness in this direction. 
Otherwise the average of a series of indentations was accepted. 

Obviously, it would be most desirable to make all Knoop indenta- 
tions under conditions of elastic and plastic deformation and thus 
avoid any effect which fracturing might exert on the Knoop number. 
Unfortunately, however, many substances in various orientations 
cannot be indented with the Tukon even at 25-gram load without the 
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development of considerable cracking, so it becomes important to 
investigate the effect of such fracturing upon Knoop hardness. 

In our study of this problem we examined indentations made at 
various loads in different transparent, hard, brittle substances, and 
attempted to classify the amount of cracking into six categories or 
“cracking classes’’, which are described as follows: 

Class 1—There was no fracturing of any nature visible when the 
indentation was observed on the Bausch and Lomb Research Metal- 
lograph using either bright-field illumination or polarized light supplied 
by the carbon arc. During this examination the aperture diaphragm 
was decentered and rotated or the lighting was otherwise altered so as 
to catch reflections from any possible fractures beneath the surface. 
If the substance being examined was suitable, the 80X oil immersion 
objective was employed; if the index of refraction of the substance 
was too low the 62X or 41X dry objective was substituted. 

Class 2—Only very slight subsurface cracking was evident. 
Usually this was so trivial that it could be noticed only in polarized 
light. 

Class 3—In this case there was a large amount of subsurface 
cracking, usually visible in bright-field illumination as reflections from 
beneath the surface, but no cracks were visible at the surface, as 
illustrated by Fig. 6a. Included also in this classification were indenta- 
tions showing only a small amount of subsurface cracking, and slight 
surface cracking as well. The latter usually occurred at or near the 
terminations of the long dimension of the indentations. 

Class 4—Here there was a large amount of subsurface cracking 
accompanied by slight to moderate surface cracking, as in Fig. 6b. 

Class 5—In this category were placed indentations, such as illus- 
trated by Fig. 7a, which showed considerable surface and subsurface 
cracking with or without the loss of small portions of the specimen 
adjacent to the short diagonal of the indentation. 

Class 6—In this case, fracturing was so pronounced that large 
portions of the specimen were chipped away. In some cases, as in 
Fig. 7b, one or both ends of the indentation extended beyond the 
chipped area. In other cases, large scallops in the specimen marked the 
site of the indentation, but no evidence of the impression itself could 
be found. 

Obviously, these six classes of cracking are entirely arbitrary, all 
possible gradations being observed. Furthermore, all substances did not 
exhibit exactly the same type of fracturing, so it was necessary to use 
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Fig. 6—Moderate Cracking of a Hard, Brittle Substance by the 
Knoop Indenter. (a) Illustrative of cracking class 3 (see text). 300-gram 
indentation in transparent green SiC. Reflected light. (x 1500). (b) 
Illustrative of cracking class 4. 300-gram indentation in green SiC. 
(xX 1500). 


judgment in assigning classes. We believe, nevertheless, that the data 
obtained in such a manner are reliable enough to be considered at least 
semiquantitative. Different substances showed markedly different 
average susceptibilities to cracking when indented with the same load, 
an excellent comparison being furnished by the behaviors of green 
silicon carbide and topaz. 

As previously discussed, the Knoop values quoted in Table II 
were determined by indenting a number of grains in random orientation 
with a 100-gram load and calculating average Knoop numbers and 
ranges on this basis. After this had been completed, the samples were 
examined on the Research Metallograph and all the indentations 
classified according to amount of fracturing. The data on fracturing of 
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Fig. 7—Excessive Cracking of Hard, Brittle Substances by the 
Knoop Indenter. (a) Illustrative of cracking class 5. 500-gram indenta- 


tion in green SiC. (xX 1000). (b) Illustrative of cracking class 6. 
100-gram indentation in topaz. (x 2000). 


SiC were based on 90 indentations in 27 grains at random, while those 
for topaz resulted from the examination of 152 indentations in 41 
grains. The following comparison was afforded : 


Per Cent of Indentations in Each Class 


Class of Cracking Green SiC Topaz 
] 34 l 
2 56 l 
3 Y 8 
4 _- 20 
5 1 30 
6 aie 


40 
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Of the 40% of the topaz indentations falling in class 6, about 
two-thirds were entirely unmeasurable because one or both ends of the 
indentations were missing. 

That the same substance resists fracturing by the indenter to 
varying degrees depending upon orientation may be illustrated by the 
following comparison of two series of 15 indentations each made in 
each of two directions on the (001) plane of topaz (p —0°) using a 
100-gram load : 


Per Cent of Indentations in Each Class 


——0 = 0°, ——6 = 90° 
Class of Cracking lst series 2nd series lst series 2nd series 
3 5 _- “= -- 
4 90 80 me aa 
5 5 20 20 — 
6 — — 80 100 


Obviously, the greater the load on the indenter the more a hard, 
brittle material will be cracked. An example of this trend may be 
illustrated by the following observations on four series of 10 indenta- 
tions each made with various loads on SiC, the orientation being: 
p=0°, 0= 0°. 


-——Per Cent of Indentations in Each Class—~ 


Class of Cracking 25 g. 100 g. 300 g. 500 g. 
1 80 80 10 -- 
2 20 20 -- — 
3 — — 80 50 
4 — — 10 20 
5 — — — 20 
6 — — — 10 


Undoubtedly if a larger number of indentations had been made at 
each load, the increased tendency to crack with greater loads would have 
been more uniform, and a difference between the amount of fracturing 
at 25 and at 100-gram load would probably have been observed. 

Effect on Knoop Number of Degree of Cracking—As previously 
discussed, most of the Knoop data included in Table II were determined 
by indenting randomly oriented grains. In making the measurements 
indentations were omitted if scratches, inclusions, or imperfections 
interfered, or if an impression was fractured considerably more than 
others in the same grain. If there was no such reason for omitting an 
indentation, the first two made in the grain were measured. Occasionally 
the results on a grain were omitted because scratches, etc., interfered 
with all, or all but one, of the indentations made in it. 

Because topaz fractured so badly, more grains were indented and 
more indentations discarded than with any other substance. All inden- 
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tations in cracking class 6 were rejected even though many were 
measurable, and those in classes 4 and 5 were accepted only when all 
the indentations in a single grain were of nearly the same length. 
Because such a large number of indentations were rejected, the data 
for topaz were based on 39 indentations in 25 grains at random. All 
indentations in 16 grains were discarded because of excessive cracking, 
and since fracturing varies with orientation, the data were not obtained 
on a strictly random basis as was the case with all the other substances 
included in Table II. We believe that it was better to omit these grains, 
however, than to base any Knoop values on indentations which were 
suspected to be too long because of excessive cracking. 

Several months after the Knoop data had been determined on 
green SiC and topaz, the indentations used to determine the Knoop 
hardness of these substances, as given in Table II, were examined on 
the Research Metallograph, classified into the class of cracking, and 
the Knoop number and range was determined for each class. The 
following results were obtained : 





Class of No. of 7 Kes 

Substance Cracking Indentations Average Range 

Green SiC l 25 2490 2230-2760 
Green SiC 2 20 2500 2260-2710 
Green SiC 3 5 2460 2440-2580 
Topaz 1-3 incl. 5 1390 1310-1500 
Topaz 4 22 1350 1240-1490 
Topaz 5 12 1360 1240-1500 


This certainly indicates that cracking had no measurable effect 
upon the determination of the Knoop hardness of either SiC or topaz 
when it was carried out as described above. 

To ascertain what results would have been obtained with topaz 
if all measurable indentations in classes 4, 5 and 6 had been used, they 
were all measured, with the following results: 








Number of Kr0o 
Class of Cracking Indentations Average Range 
4 29 1340 1200-1500 
5 42 1260 1000-1500 
6 22 1070 640-1430 


From this and other studies, we believe that Knoop numbers based 
on indentations of classes 1 to 3 inclusive are not affected by the frac- 
turing observed. Indentations of classes 4 and 5 should be avoided if 
possible, by the use of lower indenting loads but, if unavoidable, only 
the shorter indentations should be accepted for measurement. In our 
opinion, it is inadvisable to base any Knoop numbers on indentations 
of class 6. 
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Obviously, these remarks apply particularly to transparent sub- 


‘stances. Subsurface cracking cannot readily be determined in opaque 


or very translucent materials, and, therefore, with such substances no 
distinction can ordinarily be made between our classes 1, 2 and even 3. 
If any great amount of cracking is evident with opaque samples, the 
effect of fracturing may be noticeable. 

It would be interesting to determine whether the observed crack- 
ing occurred largely at and during the time of indentation or at and 
subsequent to removal of the load from the specimen. While it would 
be expected that the former would affect the length of the indentation, 
the latter should not. Occasionally we have noticed a subsurface crack 
enlarge and reach the surface while the indentation was being 
measured shortly after being made. 

Asymmetry of Indentation—It has been stated (2) that some 
asymmetry of indentation could be permitted without appreciably 
affecting the Knoop number. Our co-operative work with other labora- 
tories indicated that Knoop numbers were, in some cases, based on 
indentations so asymmetrical that one end was from two to seven times 
as far from the short diagonal of the indentation as the other end. 

To ascertain the possible effect of this condition on the Knoop 
number, several series of indentations were purposely made in varying 
degrees of asymmetry on molded boron carbide, silicon carbide, and 
“Kennametal K12’. In this work, degree of asymmetry of the long 
diagonal was defined as the percentage difference between the distance 
of each end from the short diagonal, the total length of the indentation 
being unity. 

Fig. 8 gives the results of the variation of Knoop number with 
degree of asymmetry for “Kennametal K12” at 100-gram load. For 
each of the five different degrees of asymmetry investigated, ten inden- 
tations were made, and the average, as well as the maximum and mini- 
mum, Knoop numbers obtained are indicated. 

Photomicrograph, Fig. 9, shows for molded boron carbide the 
lengthening of the indentation, and hence the lowering of the Knoop 
number, with increasing asymmetry of indentation. The Knoop hard- 
ness was about 2820 when the indentation was almost perfectly sym- 
metrical. When the asymmetry was about 35%, the Knoop number 
was about 2390 and with an asymmetry of 75% it was only about 1240. 

In all our work the same trend as shown in Fig. 8 was experienced, 
but, because of the normal experimental error involved in determining 
Knoop numbers even with perfectly symmetrical indentations, it was 
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Fig. 8—Variation of Knoop Hardness Number, Ky,00, with Asymmetry of Long 
Sisiaetion of Indentation in the Case of “Kennametal K12 





Fig. 9—Effect of Asymmetry of Indentation on the Knoop Hardness Number, 
Kj 00, oe Molded Boron Carbide (‘‘Norbide’’). (x 2000). 


difficult to determine at just what degree of asymmetry the effect was 
noticeable. The evidence seems fairly conclusive that a lowering of the 
Knoop number of hard substances can be detected if the asymmetry, 
as defined above, exceeds about 20%. 

As a precautionary measure, however, we kept the asymmetry of 
the indentations used to determine Knoop numbers under 10%. To 
express it in another way, the length of the shorter portion of the 
long diagonal of an indentation was always at least 80% of the length 





314 TRANSACTIONS OF THE 4. S. M. Vol. 38 


of the longer portion. We find no particular difficulty in keeping the 
symmetry within these limits. By using the methods of specimen 
mounting and polishing outlined above, all the indentations will usually 
fall within the prescribed limits. Occasionally it may also be necessary 
to shim the mount slightly. 

Spacing of Indentations—As indicated in a previous section, with 
a large percentage of the Knoop indentations made on silicon carbide 
at a 100-gram load, there was no evidence whatever that the indenter 
had fractured the specimen either at or beneath the surface. Obviously, 
under such a circumstance, the observed indentation must have been 
accomplished by plastic flow even in such a hard, brittle, nonmetallic 
substance as silicon carbide. 

To investigate the matter further, several Knoop indentations, 
made at various loads from 100 to 500 grams, were placed on a basal 
plate of silicon carbide only about 0.2 millimeter thick. The various 
indentations were then examined on-the Research Metallograph and 
the class of cracking of each impression noted. 

Then the thin plates were transferred to the petrographic micro- 
scope, where the same indentations were examined in polarized light 
at a magnification of about 600. It was observed that the silicon carbide 
adjacent to every indentation was considerably strained, as indicated 
by the appearance of anisotropism adjacent to the indentations, the 
silicon carbide at a distance from the impressions being isotropic in this 
orientation. The greatest amount of anisotropism was adjacent to the 
short diagonal of the indentations, and it became progressively smaller 
with increasing distance from the center of the impression. In all 
cases, irrespective of the load at which the indentations were made, or 
whether they were accompanied by fracturing, the affected area seemed 
to extend out from the center for a distance roughly equal to the length 
of the indentation. The appearance of one of the 500-gram indentations 
in transmitted light under crossed nicols is illustrated by Fig. 10, the 
vibration directions of the nicol prisms being parallel to the diagonals 
of the indentation. As might be expected, the isogyres of the inter- 
ference figure pulled apart slightly, although definitely, when the 
section immediately adjacent to the short diagonal of the indentation 
was reached on traversing the indentation under the conoscope. Such a 
biaxial interference figure in a substance normally uniaxial is also 
evidence of considerable strain in the crystal. 

Mrs. Brodie (6), apparently as a result of experiments made on 
various metals, recommended a minimum spacing of 12 microns for 
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indentations made with 100-gram load in substances whose Knoop 
hardnesses exceeded 750. Tate (6, discussion), on the other hand, 
reported that errors might be introduced in the determination of Knoop 
numbers of metals if the indentations were spaced closer than about 
1.5 times the indentation length, probably due to cold working of the 
specimen by the indenter for some distance from the indentation itself. 

We attempted to determine the effect on Knoop number of the 





__ Fig. 10—Strain Produced in Silicon Car- 
bide by a 500-gram Knoop Indentation. Trans- 
mitted light, crossed nicols. (x 600). 


distance between indentations by making several series of indentations 
at different spacings on the base of a crystal of silicon carbide using a 
100-gram load. Series were made in which successive indentations were 
placed progressively closer together ; other series were made in which 
indentations were placed halfway between those previously made. At 
the load used, the indentations were approximately 24 microns long. 

A distinct effect on the amount of cracking of the substance was 
observed. Examination of the indentations made successively at closer 
intervals revealed no definite increase in cracking tendency until the 
indentations were only about 10 microns apart. However, when inden- 
tations were placed midway between a series of impressions previous- 





. 
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ly made, a noticeable effect was apparent when the later indentations 
were 15 microns from the first series. For example, when 11 indenta- 
tions were placed successively 30 microns apart, all were of cracking 
class 1; of 10 indentations, which were later placed halfway between 
the first, 3 were of class 1, 5 of class 3, and 2 of class 4. Undoubtedly 
the strain introduced into the silicon carbide specimen by an indentation 
lowers its tensile strength locally, and renders it more susceptible to 
cracking by a later indentation made within, or close to, the affected 
area. 

The effect on the Knoop number of the distance between inden- 
tations was much more difficult to determine. With a series of indenta- 
tions made successively at closer intervals, no effect could be noted 
which was outside the normal variations to be expected under the 
best possible conditions for the determination of the Knoop number, 
at least for spacings down to 25 microns. When the spacing was 10 
microns, however, a slight increase of Knoop number seemed evident, 
especially when hardness values obtained from the more severely 
cracked impressions were omitted. 

In the case of the various series of indentations which were 
placed midway between others, the same tendency toward an increased 
Knoop number seemed to be observed when the distance was 15 
microns, and possibly even 25. 

Applying a safety factor because of the inconclusiveness of our 
data, and considering the evidence of strain as illustrated by Fig. 10, 
we agree with Tate in recommending a minimum spacing of 1.5 times 
the indentation length. 

Rigidity of Specimen on Tukon Stage—During our early work 
with the Tukon, some of our difficulties were traced to lack of rigidity 
of the specimen on the stage, resulting in an apparent sideways move- 
ment of the sample at the moment of indentation. This naturally 
resulted in low and erratic Knoop numbers and abnormal fracture of 
hard, brittle specimens. 

Because of this experience, we prefer, wherever possible, to 
mount the sample in phenol formaldehyde plastic as described above, 
and to place the mount in a small specimen holder consisting of a 
section of brass pipe soldered to a flat plate. The walls of the pipe are 
about 0.5 inch high, and contain two fixed stops and a thumbscrew, 
which permit rigid clamping of the mount. 

If the specimen is unsuitable for mounting in plastic, it should 
be carefully ground so that the surface bearing on the stage is flat and 
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parallel to the surface being indented. Such a specimen may be satis- 


factorily secured to the stage by the use of small wads of beeswax 
placed at the side of the specimen. 


Indenting Load 


Although it was originally believed that the Knoop number was 
independent of the applied indenting load (2), it was soon found that 
the hardness value was greater the lower the load used on the Tukon, 
especially in the range of 25 to 200 grams (6). Tate (8) and others 
(8, discussion) observed that this effect was considerably greater 
with hard than. with soft materials, and pointed out that every Knoop 
number should be accompanied by a statement of the load used for 
its determination. 

During our study we determined the variation of Knoop number 
with indenting loads from, 25 to 500 grams for five different non- 
metallic substances ranging in hardness from quartz to boron carbide, 
and for a cemented carbide. Dr. L. P. Tarasov kindly supplied simi- 
lar data for a hardened tool steel, Rockwell C-60.5. The results are 


given in Fig. 11. The orientations of the indentations made on the 
single crystals were: 


Silicon carbide $= —; p= 0°; @= 0° 
Aluminum oxide g= 8°; p = 89°; 6 = 135° 
Topaz = —; p= 0°; 6—= 0° 
Quartz § = 30°; p= 90°; @é= 9° 


When rho is zero, phi is indeterminate. 

The values for the four hardest substances were obtained from 
measurements made with the 54X oil immersion objective on the 
microscope attached to the Tukon. The three softer samples were 
measured on the Research Metallograph, using the 41X dry lens for 
the shorter indentations, and the 21X for the longer. 

The points plotted in Fig. 11 are those resulting from the measure- 
ments as actually carried out. As is indicated in the separate paper by 
Tarasov and Thibault (16), however, all the indentations made in a 
given substance at the various loads should be measured with the same 
optical equipment or some adjustment should be made to compensate 
for the error introduced by the measurement of some of the indenta- 
tions with an optical set-up of lower resolving power. 

The curve for topaz is undoubtedly the least accurate of those 
included in Fig. 11 because of the very poor contrast of the indentations 
and the great tendency for the substance to fracture excessively. 

Obviously, unless some method of calulation which will give a 
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Fig. 11—Variation of the Measured Knoop Hardness Number, Km, with Load 
on the Indenter for Several Hard Substances. Curves for silicon carbide, aluminum 
oxide, topaz and quartz apply only to the special orientations mentioned in the text. 


Knoop number independent, of load is applied, a statement of the 
load used must certainly accompany Knoop hardness values. 

Since the cause of the variation of the measured Knoop hardness 
number with indenting load is discussed in detail in the separate paper 
by Tarasov and Thibault (16), it will not be repeated here. 

It is proposed that the Knoop number determined in the usual 
manner by use of the standard formula be referred to as K,, since it 
is based upon measurements of the long dimension. Determinations 
made at various loads would then be noted by the letter “K”’ and a 
subscript denoting the load used, e.g., Kyo, the subscript “m” being 
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unnecessary. K, is reserved for the Knoop hardness number inde- 
pendent of load as described in the separate paper (16). 

The failure of all previous investigators, except Winchell, to state 
the load at which the hardness values given in Table I were based will 
probably account for a large part of the discrepancies noted within 
this table; and between this table and our own data as given in Table IT. 

Most of Winchell’s data were derived from indentations made with 
a load of 100 grams, while comparison of the values quoted by the 
National Bureau of Standards and those resulting from our own 
study indicates that the former were probably based on indentations 
made with a greater load, probably 500 grams. Even Winchell’s values 
for the harder materials are not directly comparable, since the Knoop 
numbers given for synthetic blue spinel and dark ruby corundum were 
obtained only with a load of 300 grams while the other substances 
except for light ruby corundum were indented only with a 100-gram 
load. 

The misconception that tungsten titanium carbide is harder than 
silicon carbide or boron carbide was brought about by comparing data 
for WTiC, based on indentations made at a 25-gram load® with values 
for SiC and B,C determined from indentations made at higher loads. 
This misunderstanding was fostered by the tabulation of Knoop hard- 
ness numbers published by Twells (25), who, quite naturally, was 
unaware that the values quoted in the literature were not necessarily 
directly comparable. As indicated in Table II, the hardness of tungsten 
titanium carbide actually lies between that of aluminum oxide and 
silicon carbide. 


SUMMARY AND CONCLUSIONS 


The determination of the measured Knoop hardness number of 
hard substances is not to be entered into inadvisedly or without due 
consideration of the many factors which might greatly affect the 
results obtained. 

If one is willing to exercise the care, and take the time necessary 
to control the variables, Knoop numbers of sufficient precision for any 
practical purpose may be obtained readily. It is estimated that 15 to 20 
man-hours were required for each of the Knoop determinations in- 
cluded in Table II, even after the conditions of the experiment had been 
established. For routine and exploratory work, where the utmost of 


——$_——_—. 


*Personal communication from J. C. Redmond, Kennametal, Inc., November 3, 1945. 
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precision is not required, satisfactory results may ordinarily be ob- 
tained in 4 to 8 hours, including the time necessary to properly prepare 
the specimen for the test. 

The Knoop numbers quoted in this paper were determined under 
the conditions summarized below. These are strongly recommended 
to anyone interested in the determination of the Knoop hardness 
number of hard substances. 

1. All the specimens, except the steel, were lapped and honed 
with diamond exclusively. Practically all were polished on the Graton- 
Vanderwilt machine using extremely fine diamond on a lead lap to 
produce an optically flat surface practically free from scratches. The 
steel was mechanically polished, first with emery paper and then with 
levigated alumina on a cloth lap, great care being taken to minimize 
cold working of the surface. 

2. The Tukon equipped with solenoid and torque-arm devices to 
minimize additional inertial load was used exclusively. 

3. External vibration was minimized by installing shear rubber 
and other vibration-dampening devices. 

4. The balance of the beam and the precision of the applied load 
were checked. 

5. Periodically, indentations were made on a standard sample of 
silicon carbide and examined for evidence of damage to or wear of the 
diamond indenter, which was returned to the supplier for repolishing 
as soon as imperfections were noticed. 

6. Differences in total weight of diamond and holder were over- 
come by rebalancing the beam when a new or repolished diamond was 
used for the first time. 

7. All the values quoted in this paper were determined by the use 
of two different certified diamonds which, under the same operating 
conditions, gave indentations which were of equal length. Furthermore, 
the Knoop numbers obtained by the use of these two indenters were 
practically the same as those resulting from the use of three other 
recently lapped diamonds in the supplier’s stock. It has been demon- 
strated, however, that differences in Knoop number may result from 
differences in indenters. 

8. The filar micrometer was checked and found to be accurately 
graduated. It was calibrated with a commercial stage micromteter, 
which in turn had been checked against a micrometer consisting of lines 
ruled on steel by the use of the interferometer at the National Bureau 
of Standards. 
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9. The optical equipment used for the measurement of the inden- 
tations has a marked effect on the Knoop number, the higher the 
resolving power of the lens system, the longer a given indentation will 
appear to be. Indentations made in all the substances listed in Table II 
and Fig. 11, except topaz, quartz and steel, were measured with a 54X 
fluorite oil immersion objective on the microscope attached to the 
Tukon cowl. Illumination was supplied either by the small light source 
attached to the vertical illuminator, or by a ribbon filament lamp 
operated at 6 volts, 18 amperes, not attached to the microscope. 
Measurements of the indentations in topaz, quartz and steel were made 
using the Bausch and Lomb Research Metallograph and the 41X dry 
objective for the shorter indentations and the 21X for the longer. 

10. To reduce to a minimum differences due to the personal 
factor, or the visual acuity of the observer, all the indentations, except 
those in steel, were independently measured by each of the authors. 
The Knoop numbers quoted in Table II are the averages of the two 
sets of values which usually agreed closely. 

11. No differences due to time between indentation and measure- 
ment could be found. 

12. Since hardness variations may occur within and between 
samples of the same substance, a complete description of the specimens 
used is quite necessary. 

13. It has been shown that the Knoop hardness of coarsely crystal- 
line substances varies, sometimes very greatly, with the crystallographic 
orientation of the indentation relative to the crystal structure. If single 
crystals are indented, the orientation should be specified. To obtain 
average hardness numbers of such substances as given in Table II, it is 
preferable to indent a large number of particles in random orientation. 

14. The effect of cracking of the specimen by the indenter was 
minimized by using a 100-gram load, and by measuring those indenta- 
tions which showed least fracturing. 

15. In order to eliminate errors which might result from asym- 
metry of indentation, the length of the shorter portion of the long 
diagonal of an indentation was maintained at a minimum of 80% 
of the length of the longer portion. 

16. In practically all cases the spacing of the indentations was 
about 1.5 times the indentation length. In a few cases, where size of 
grains available was small, indentations were placed one length apart. 

17. All specimens were rigidly attached to the Tukon stage by 
means of a specially designed holder. 
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18. Since the measured Knoop number varies considerably with 
the load on the indenter, it is necessary to indent all substances with 
the same specified load, if strictly comparable results are to be obtained. 
Because of the tendency of some of the hard, brittle substances in- 
cluded in Table II to fracture excessively, it was found necessary to 
use a 100-gram load for these determinations. The separate paper by 
Tarasov and Thibault (16) discusses the determination of Knoop 
hardness numbers independent of load. 
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DISCUSSION 


Written Discussion: By EF. E. Wicker and John C. Redmond, Kennametal, 
Inc., Latrobe, Pa. 

The authors are to be complimented upon this excellent and thorough study 
of the measurement of Knoop hardness. Their work is very timely in view of 
the growing doubt concerning the value of Knoop hardness numbers because of 
the wide variations reported by various workers. This was especially true in 
the field of hard substances, in which field the Knoop hardness determination 
is particularly valuable. 

It has been our privilege to co-operate with the authors and to determine 
the closeness of agreement which could be obtained by two independent labora- 
tories. The purpose of this discussion is to report some of these results. 

To begin with, before learning of the work which was being done by Dr. 
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Thibault and Mrs. Nyquist, we had, as a result of our early work, arrived 
qualitatively at their conclusions with regard to the importance of freedom from 
vibration of the equipment, of proper optical equipment, illumination, surface 
preparation and similar factors affecting the determination of Knoop hardness 
numbers. 

In November of 1945, Dr. Thibault supplied us with a mounted specimen of 
boron carbide which had been polished, indented and the indentations measured 
at the Norton Company. By means of this specimen we were able to determine 
the agreement which could be expected between the two laboratories with regard 
to the measurement of indentations. We also confirmed the desirability of the 
oil immersion type of objective as compared with the dry objective and have 
standardized upon a 2.75-mm oil immersion objective used in conjunction with 
a Gaertner Scientific Company filar micrometer. These optics were used in the 
microscope mounted on our Tukon tester. Table A shows the results we 
obtained on the measurement of these indentations in comparison with those 
obtained by Dr. Thibault and Mrs. Nyquist. The agreement is seen to be 
excellent and, as might be expected, is somewhat poorer at light loads where 
resolution of the ends of the indentations is most difficult. 


Table A 
Knoop Hardness 
by Kennametal Knoop Hardness 
Load H Range by Norton Co. 
500 2340 2226-2434 2340 
300 2421 2339-2470 2420 
100 2725 2636-2827 2728 
50 3233 3206-3257 3200 
25 4306 3726-4890 4240 


Further quantitative comparisons may be drawn by consideration of the 
work done at our laboratory on tungsten titanium and boron carbides. The 
boron carbide was in the form of primary crystals supplied to us by Dr. Thibault. 
Samples of these carbides were mounted in Lucite molding powder and polished 
with diamond dust on lead-tin laps using a technique comparable to that described 
by the authors. Indentations were made on the randomly oriented crystals and 
measured by means of the optical equipment described above. Results for these 
specimens and the comparative values obtained by Dr. Thibault and Mrs. Nyquist 
are shown in Table B. In connection with our determination of the Knoop 
number for boron carbide, it should be mentioned that one value of 3127 was 


obtained. This appeared to be a spurious figure and was not included in the 
average above. 





Table B 
Kn Hardness Knoop Hardness 
, by Kenna by Norton Co. 
Specimen Load H Range e 
Tungsten Titanium Carbide 100 2160 1976-2354 2190 2050-2320 


Boron Carbide 100 2808 2681-2916 2800 2670-2940 
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Results on cemented carbide compositions have comprised the largest part 
of the work at our laboratory. When comparisons are drawn between the work 
of Dr. Thibault and Mrs. Nyquist and the determinations made by our laboratory, 
they again show quite satisfactory agreement. It is unfortunate that we were 
unable to make our determinations on the same specimens used by Norton 
Company. However, the results as shown may possess greater value in that 
they illustrate that variations in the method are in accord with the possible 
variations in the material. Results at both 500 and 100-gram loads are shown 
in Table C with comparative values reported to us by Dr. Thibault. 


Table C 


Specimen 


(Kennametal Grade) Load 
KM 500 
KM 100 
K6 100 


Knoop Hardness 
by Kennametal 


H Range 
1368 1335-1397 
1487 1392-1594 


1788 1739-1843 


Knoop Hardness 
by Norton Co. 
H 


Range 
Re” ghee 
1500 1390-1660 


1800 1700-1946 


The variation of Knoop numbers with density of the material was men- 
tioned by Dr. Thibault, and we have observed variations in hardness of a single 
specimen resulting from changes in the nature of the material. We feel that in 
cemented carbide compositions this is explainable on the basis of segregation of 
constituents, and low values are attributable to a concentration of the relatively 
soft matrix metal phase. Inasmuch as the Knoop hardness of such fine-grained 
materials can only represent an averaging of the grains included in projected 
area, the presence of large quantities of the soft, less dense binder would be 
reflected in lower Knoop hardness numbers. 

The conclusions derived from the work done on Knoop hardness in this 
laboratory can indicate only very close agreement with that done by Dr. 
Thibault and Mrs. Nyquist. Their recommendations with regard to surface 
preparation, measuring equipment and methods have been investigated and 
thoroughly substantiated. 

The method, when used with all recommended precautions, has shown that 
precise quantitative hardness measurements of brittle substances can be made, 
which values can be duplicated by other laboratories. Possibly the greatest 
value of the method lies in the fact that it permits accurate determinations of 
the hardness of small crystalline particles and particularly of the various phases 
existing within a substance, and the value of these determinations will be 
greatly enhanced by being able to compare values with those reported in the 
literature. 

Written Discussion: 
ment Co., Inc., New York. 

A very clear picture of studies of Knoop hardness testing has been presented 
by the authors and, they are to be congratulated on the care and thoroughness 
with which they have accumulated and abstracted the data. 

There is one feature of this paper which should be called to the attention 
of the members of the Society. 


By Vincent E. Lysaght, Wilson Mechanical Instru- 
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A considerable portion of the materials which have been investigated is hard 
nonmetallic substances of more interest to the mineralogist than to the metal- 
lurgist. The experience of the majority of users of the Tukon tester and Knoop 
indenter does not bear out the fact that on metals anything at all like 15 to 20 
man-hours are necessary for each Knoop determination where the utmost of 
precision is required, or anything even approaching 4 to 8 hours where such 
precision is not necessary. Certainly such slow work has nothing to do with 
metal testing. The Hamilton Watch Co.” has reported over 4600 tests on 
small precision parts during two months. 

Many of the conditions summarized in the conclusion relate to only the 
earliest tentative model and have been automatically taken care of in 95% of 
Tukons in use and, of course, in all of the current design of the Tukon testers. 
Other conditions need only be checked when the machine is set up. As pointed 
out by the authors, no Tukon testers without solenoid and torque arm have been 
manufactured since April 1943. Such matters as balancing of beam, changing 
of indenters, standardizing of the longitudinal edge of the diamond with respect 
to its crystallographic orientation, etc., have changed by design, standardization 
and evolution since the early equipment was built. 

Even with the care and time necessary to control the variables as specified 
by the authors, it is gratifying to know that for hard, and oftentimes brittle, 
substances the determination of the Knoop hardness is possible with such pre- 
cision. Before this invention, no suitable equipment was available. 

Written Discussion: By R. Smoluchowski, Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. 

The authors should be congratulated on presenting such a perfect example 
of a careful analysis of various factors affecting the measurement of a physical 
magnitude. Indeed, there is little which remains to be added. I would like to 
mention my own experience with measurement of indentations at high magnifica- 
tion. Monochromatic illumination turned out to have a beneficial influence on 
the accuracy and the reproducibility of measurements. The proper color was 
different for different observers and varied for different materials. Also, the 
angle of illumination and the resulting contrast between light reflected from 
the surface of the sample and the slopes of the indentation proved to be of 
importance in the quality of measurement. Without making any definite recom- 
mendations, I want to draw attention to these two factors hoping they may be 
useful in high precision work. 

Written Discussion: By James R. Benford, Scientific Bureau, Bausch & 
Lomb Optical Co., Rochester, N. Y. 

The work of the Norton Co. investigators is a significant step forward 
toward more correct measuring technique in Knoop hardness testing. The 
choice of the optical equipment best suited for the job is, of course, of interest 
to Bausch & Lomb and we fully agree on the necessity of standardizing condi- 
tions of measurement and of recording all pertinent data in the various 
laboratories. 

In line with the authors’ recommendation of completely specifying conditions 
of measurement we believe the mode of illumination should be always specified. 





wVincent E. Lysaght, “Microhardness Testing of Materials,” Materials & Methods, 
October 1945. 
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In polarized reflected light, for example, we have obtained definitely larger 
measurements than in unpolarized light due, we believe, to the reversal of the 
diffraction pattern where the diamond appears brighter than the background. 
The same effect seems to be present in Fig. 9 of the authors’ work where 
(probably by the use of oblique illumination) the two halves of the diamond 
are respectively brighter and darker than the background. The brighter half 
looks longér than the darker due, we believe, to the diffraction pattern falling 
within the dark half and outside the light half. 

In recording Knoop data we recommend not only the recording ‘of the 
objective data but also the relative aperture illuminated and the relative offset 
of aperture when oblique illumination is used. 

Written Discussion: By Horace Winchell, professor of mineralogy, Yale 
University, New Haven, Conn. 

The authors of this paper have unquestionably accomplished the most 
thorough evaluation, to date, of factors affecting Knoop hardness numbers 
obtained in testing hard substances. Their work stands as an example for 
future researchers to emulate. 

An interesting development that might now be attempted would be a 
determination of the minimum load which will just produce fractures or cracks 
consistently—say, for example, at 10% of the indentations. Such a determination 
might have commercial value as a measure of the brittleness or friability of an 
abrasive, and therefore as a measure of the rate at which its grains will probably 
break down to finer sizes in use. Such behavior of abrasives is essential for the 
success of certain types of finishing operations in the processing of watch parts; 
lack of uniformity of such behavior is an expensive source of trouble and 
spoilage, and the ability to identify an abrasive that will break down at a desired 
rate under certain conditions of use would be valuable. Analogous applications 
should be possible in other industries. 

A detail of great theoretical interest to crystallographers, and probably of 
some practical importance in metallurgical applications where preferred orienta- 
tion may affect directional properties, would be an attempt to determine the 
effect of crystal orientation on hardness readings under the conditions set up 
by these authors. 

The existence of the data leading to the construction of Fig. 4 leads one to 
suspect that additional research on the effect of diamond orientation in the 
indenter itself might be profitable. For example, it is possible that a better 
diamond orientation could be found, which would be less subject to damage or 
wear in use, or possibly that a better orientation would reduce the elastic yield 
of the indenter, thus probably reducing the dependence of Knoop number on load. 

The suggestion of these additional possibilities will in no way detract from 
the recognition of the paper under discussion. Such possibilities hardly existed 
before this paper became available; they could be tested only by careful work 
of the type and quality demonstrated here. Congratulations for research of 
this kind. 

Written Discussion: By J. E. Burke, assistant professor, Institute for the 
Study of Metals, University of Chicago, Chicago. 

The authors are to be complimented for the exceedingly careful study which 
they have made of the factors which influence the value of the Knoop hardness 
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number. The necessity of specifying so many variables emphasizes the fact 
that this hardness test, as do all others, merely gives a means of empirically 
comparing several properties of the materials in question, which properties are 
collectively called hardness. 

The difference in hardness number obtained with different diamonds, as 


_summarized in Fig. 4, is quite interesting. The authors give data which strongly 


indicate that the values obtained from diamonds 20 and 901 differ because the 
crystallographic orientation of the diamond indenters differs. This is not sur- 
prising because diamond is not elastically isotropic; thus the same stress in 
different crystallographic directions would produce different deformations of the 
diamond. The fact that other diamonds of the same orientation as 901 give the 
same hardness values adds weight to this explanation. If the orientations of 
diamonds 20 and 5-1 prove to be identical, not only will the crystallographic 
origin of the difference be verified, but it will also be demonstrated that the lack 
of precision due to other variables can be made small compared to the effect 
produced by a change in orientation of the diamond. It is to be hoped that the 
authors will be able to give the orientation of diamond 5-1 in their closure. 

Fig. 8 shows the effect of asymmetry of indentation on the measured 
hardness number. The length of an asymmetrical indentation is much greater 
than that of a symmetrical indentation, while the precision of measurement of 
the absolute length is apparently somewhat better. Do the authors consider it 
feasible to gain precision in the measured hardness number by purposely 
producing asymmetrical indentations, and calibrating the instrument in terms 
of such indentations ? 


Authors’ Reply 


We are particularly indebted to Messrs. Wicker and Redmond for their 
data because of the comparisons afforded between Knoop values determined on 
hard substances independently in two different laboratories. The agreement 
between us was gratifying since closer concordance could not have been expected 
had we made duplicate determinations in our own laboratories. 

Mr. Lysaght has quite correctly pointed out that precise determinations of 
the Knoop number of metals may be made in a small fraction of the time which 
we required for practically all of our determinations. The principal reasons 
are: First, it is much more difficult and time consuming to prepare, mount, and 
properly polish hard abrasive substances than to polish most metals; secondly, 
because of the factors of crystal orientation and tendency for the grains to 
fracture, it was necessary in the case of most substances to make a total of from 
90 to 175 indentations in 30 to 35 grains of random orientation and to relocate 
these indentations for measurement. With most metals 10 to 25 indentations 
would probably be sufficient ; and thirdly, to obtain checks, the authors measured 
indentations independently, a precaution which may have been unnecessary. 

It is, of course, true that some of the factors which we have discussed are 
now of more historical than active interest. They have been included, without 
undue emphasis, to complete the study, and with the feeling that they were 
worth mentioning inasmuch as some Tukon instruments not equipped with the 
improved features are still being used. 
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In answer to Dr. Smoluchowski, we have never experimented with the use 
of monochromatic illumination of various wave-lengths for the measurement of 
Knoop indentations. We are certain, however, that the use of practically 
monochromatic light, afforded by the filters supplied for use with the Bausch & 
Lomb Research Metallograph, is much more satisfactory than white light on the 
same instrument. 

3oth Dr. Smoluchowski and Mr. Benford have mentioned the mode of 
illumination. As stated in our paper, we favor the use of slightly oblique bright- 
field illumination, which almost always increases the measured length of an 
indentation slightly. We believe that this is at least partly due to the fact that 
oblique illumination increases the contrast between the end of the indentation 
and the polished surface, the effect being greater with substances of lower 
reflectivity. Because of the greater contrast, the effective resolution of the end 
of the indentations appears to be greater. 

Through the courtesy of Mr. Benford, we were able to study the effect on 
Knoop number of anti-reflection films on metallographic objectives by means of 
paired objectives loaned us for the purpose. We found that when centered 
bright-field illumination was employed to measure indentations in silicon carbide 
and boron carbide, the use of coated objectives resulted in length determinations 
slightly greater than when similar unfilmed objectives were used. However, no 
difference could be noticed between the paired objectives when slightly oblique 
illumination was employed. Since we advocate the latter mode of illumination, 
we feel that coated lenses offer no particular advantages in Knoop hardness 
determinations. 

In reply to Dr. Winchell, we have used the Knoop indenter to compare the 
friability of different varieties of “alundum”, which is an aluminum oxide 
abrasive. Instead of determining the minimum load which would just produce 
a fracture, we employed a constant load of 200 grams and classified the resulting 
indentation into one of the classes of cracking mentioned in our paper. Although 
there was always the uncertainty as to just what class should be assigned to a 
given indentation, and although it was found necessary to indent upward of a 
hundred randomly oriented grains because of the great variation of cracking with 
crystallographic orientation, we did obtain differences which explained the 
behavior of the abrasives in certain grinding applications. 

In answer to Dr. Burke, unfortunately it has not been possible to determine 
the orientation of diamond 5-1. The Wilson Mechanical Instrument Company 
has informed us™ that they were not able to relocate this particular indenter, and 
believe that the diamond was demounted and used for another purpose inasmuch 
as it did not meet the specifications for Knoop indenters because of the presence 
of nicks in the longitudinal edges (but further from the tip of the indenter than 
the area involved in the 100-gram indentations in silicon carbide). 

We hope that, when time permits, either the Wilson Company or the 
National Bureau of Standards will prepare Knoop indenters of different crystal- 
lographic orientations and determine whether such differences result in indenta- 
tions of the same or different lengths in hard substances such as silicon carbide 
or boron carbide. It would be expected that such differences would be maximum 
when one diamond was mounted with one of its crystallographic axes of fourfold 


“Personal communication from Mr. V. E. Lysaght, December 23, 1946. 


; 
; 
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symmetry parallel to the axis of the holder, and the other diamond mounted with 
a diagonal axis of threefold symmetry in this position. 
We believe that the smaller difference between minimum and maximum 


. values for the Knoop hardness of Kennametal K12 resulting from indentations 


made with an asymmetry of 50% as given in Fig. 8 is entirely fortuitous. There 
might be some increase in the precision of measurement of a very asymmetrical 
indentation because of its greater over-all length, but there would be certain 
disadvantages in adopting the practice of purposely making asymmetrical inden- 
tations, among which is the fact that, as indicated by Fig. 8, the Knoop number 
is affected by slight changes in degree of asymmetry to a greater extent with 
distinctly asymmetrical than with symmetrical indentations. Considering all 
the factors, the authors do not believe it advisable to standardize the instrument 
on the basis of asymmetrical indentations. 

A number of readers have privately suggested that data on primary (un- 
bonded) tungsten carbide (WC) might appropriately appear in Table II since 
this compound is the main constituent of most cemented carbides. Accordingly, 
a sample of WC was obtained from Kennametal, Inc., and its Knoop hardness 
was determined under the same conditions as used with the other substances 
appearing in this table. The chemical analysis of the sample of tungsten carbide 
was not determined, but an X-ray powder photograph made with filtered copper 
radiation showed a pattern very similar to that given for WC in the ASTM file 
of X-ray diffraction data, Card II-2299, but with slightly different cell dimen- 
sions. No other substance was indicated. 











DETERMINATION OF KNOOP HARDNESS NUMBERS 
INDEPENDENT OF LOAD 


By L. P. Tarasov anp N. W. THIBAULT 


Abstract 


Previous investigators have shown that the lower the 
indenting load, the greater is the measured Knoop hard- 
ness number. This has been attributed to elastic recovery 
of the long dimension of the indentation upon removal 
of the load, the recovery being a larger percentage of the 
indentation length when the load is low than when it is 
high. 

This paper indicates how a very precise Knoop hard- 
ness number independent of load can be computed for a 
given specimen from the lengths of indentations made at 
several different loads. A constant length correction 1s 
found by trial and error which, when added to the meas- 
ured indentation lengths, results in essentially the same 
hardness number for each of the loads. This hardness 
number, which ts shown to be the unrecovered hardness 
number, is given for molded boron carbide, a cemented 
carbide, a hardened tool steel, and for single crystals of 
silicon carbide, aluminum oxide, topaz and quartz. 

The length correction is needed to compensate for 
the elastic recovery of the long dimension of the indenta- 
tion and for a visibility error. The latter results from 
the inability of the observer to locate the actual ends of 
the indentation and depends on the optical equipment used, 
on the visual acuity of the observer, and on the indenta- 
tion contrast. The elastic recovery and the visibility error 
may each amount to several microns. Although the visi- 
bility error, and hence the length correction, can be ex- 
pected to vary from one laboratory to another, the un- 
recovered hardness number of a given specimen should be 
the same regardless of where the measurements are made. 


INTRODUCTION 


NTIL recently, it was generally taken for granted by the users 
of the Tukon Tester that the length of the Knoop indentation 


does not decrease appreciably when the load is removed; elastic re- 





A paper presented before the Twenty-eighth Annual Convention of the 


Society held in Atlantic City, November 18 to 22, 1946. The authors, L. P. 
Tarasov and N. W. Thibault, are associated with the Research Laboratories, 
Norton Company, Worcester, Mass. 
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covery was believed to take place, for all practical purposes, only in 
the short dimension, and the measurements were supposed to give the 
unrecovered hardness directly. These were the original assumptions 
made by Knoop, Peters and Emerson (1)* in developing their hard- 
ness test and it is on this basis that the standard table furnished with 
the Tukon Tester for converting indentation lengths to Knoop hard- 
ness numbers has been calculated. 

However, it was conclusively demonstrated by Tate (2) that 
considerable elastic recovery, of the order of 5 microns, may occur 
in the long dimension. He was able to measure the indentation 
length in a thin piece of glass while it was under load by focussing 
the microscope on the indentation through the glass. The indenta- 
tion became shorter when the load was removed. 

Brodie and Smoluchowski (3) described briefly another method 


‘for determining the recovery in the long dimension. The diamond 


indenter was coated with graphite and an indentation was made in 
the usual manner. Then the projected length of the cleaned-off por- 
tion of the diamond was compared with the length of the indentation 
in the specimen itself, the difference being the amount of elastic re- 
covery. Preliminary results indicated that the elastic recovery of 
tungsten and copper amounted to several microns. 

Turning now to the Knoop hardness numbers as calculated from 
the recovered indentations, it has been repeatedly observed (2), (3), 
(4) that as the load is decreased, the hardness number increases, at 
first gradually and then more rapidly ; and that the harder the speci- 
men, the more pronounced is the increase at low loads. By adding 
the average observed recovery value of 5 microns for glass to the 
recovered indentations in two steels and in glass, Tate (2) obtained 
hardness numbers that were roughly the same for all loads, the vari- 
ation from the average values being not greater than 3%. Applying 
this same correction to the indentations in several Rockwell steel test 
blocks, Rustay (3) was able to attain a similar result. 

It would obviously be very desirable to be able to determine in a 
reasonably simple manner a Knoop hardness number which would be 
independent of the indenting load and which would be at least as pre- 
cise as the load-dependent hardness numbers determined in the usual 
manner. Such a number would be useful even if obtained by a 
strictly empirical treatment of the observed data for a given speci- 
men, but this number would be more satisfactory from a theoretical 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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standpoint if it could be shown to be the unrecovered hardness num- 
ber, which is a measure of the load actually supported per unit area 
of the indented material. The primary purpose of this paper is to 
show that it is possible to obtain satisfactory hardness numbers which 
do not vary with the load and that these numbers do represent the 
unrecovered hardness. 

The significance of the unrecovered hardness number can be 
illustrated by considering what would happen if a piece of soft rub- 
ber, like that in a rubber band, were tested with the Knoop indenter. 
The area in contact with the indenter would be quite large so that the 
unrecovered hardness would be low; however, the indentation would 
disappear as soon as the load was removed and, according to the 
orthodox method of calculating hardness, soft rubber would be in- 
finitely hard. Thus in this extreme case, the unrecovered hardness 
has a definite physical significance, even though it would be difficult 
to make such a measurement, whereas the recovered hardness is 
meaningless. 


‘THEORETICAL CONSIDERATIONS 


The Knoop hardness test is based upon the premise that the 
projected unrecovered indentation area, which is the area supporting 
the load, is proportional to it. This hypothesis, discussed briefly by 
O'Neill (5), should hold for any pyramidal indentation, the reason 
being that for a given indenter all indentations are geometrically 
similar, so that the reaction stresses in equilibrium with the load are 
presumed to remain the same per unit area regardless of the load. 
The experimental verification of this hypothesis is to be found in the 
essential constancy of Vickers hardness numbers for different loads, 
the errors arising from recovery and other causes being small enough 
to be neglected. Whether it also holds for the much lower loads and 
the different shape of the indenter used in Knoop hardness studies 
remains to be established. 

Operationally, we are concerned not with the projected area of a 
Knoop indentation but with its length. Since the width of an un- 
recovered indentation is a constant fraction of its length, it follows 
that the square of the unrecovered length should be proportional to 
the load provided that the basic premise is justified for Knoop hard- 
ness measurements. 

As has been pointed out, Knoop hardness numbers as ordinarily 
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determined are not independent of the load, the reason being that the 
ratio of the load to the square of the measured indentation length 
is not constant. This deviation from constancy is caused not only 
by the elastic recovery of the indentation, but also by the inability 
of the observer to locate the actual ends of a recovered indentation. 
The latter is a systematic visibility error and depends mostly on the 
optics of the microscope used for measuring the indentations but it 
is also affected by the visual acuity of the observer and by the con- 
trast of the indentation relative to its background. 

In considering these factors, it is important to keep in mind that 
the shape of the end of the indentation is independent of the length 
of the indentation. In the case of recovery, it is reasonable to as- 
sume that the same stress distribution is reached near the end of the 
unrecovered indentation, no matter what the load. Since the amount 
of recovery taking place when the load is removed is related to the 
stress distribution by Young’s modulus, the recovery should also be 
independent of the load. The same must be true of the visibility 
error, for it obviously depends only on the shape of the end. 

We see, therefore, that for a given specimen it is logical to 
apply a constant correction Al to the measured indentation length 1,, 
in order to obtain the unrecovered length 1,. If a constant correction 
can be found that will lead to an essentially constant hardness num- 
ber for a given specimen, then this must be the true unrecovered 
hardness number, K,. On the other hand, if it is impossible to deter- 
mine a hardness number independent of the load, then either the un- 
recovered hardness number or the elastic recovery of the long dimen- 
sion of the indentation must be a function of the load. 

The measured hardness number corresponding to the measured 
indentation length 1,, will be designated K,. Were it not for the 
presence of the visibility error, ],, would be the true recovered length. 
Actually, it is only the apparent recovered length. K,, is the meas- 
ured Knoop hardness number as ordinarily determined and it differs 
from the true recovered hardness number by a factor depending on 
the magnitude of the visibility error relative to the measured inden- 
tation length. 

The visibility correction for a given material will be a constant 
independent of load only if the same optical equipment is used to 
measure all the indentations. Thus, if in measuring a series of in- 
dentations made at various loads, it is necessary to change from a 
high-power to a low-power objective to bring the comparatively large 
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indentations made at high loads into the field of view of the filar 
micrometer, a correction should be applied for the change in resolv- 
ing power of the lens system. This can be done easily by measuring 
an indentation of intermediate length with both objectives. A simi- 
lar sort of correction for change in visual acuity would be in order 
if the indentations at different loads were not all measured by the 
same observer. The potential magnitude of the corrections for re- 
solving power of the lens system of the microscope is discussed later 
in connection with experimental data on Knoop indentations. 


CALCULATION OF UNRECOVERED HARDNESS NUMBERS 


The experimental data of Thibault and Nyquist (4) on the 
variation of Knoop hardness with load for molded boron carbide, 
silicon carbide, alpha aluminum oxide, a cemented carbide (Kenna- 
metal KM), topaz, a hardened tool steel, and quartz? served as the 
starting point for the procedures and results reported here. The 
conditions under which the indentations were made and measured 
are given in the above-mentioned paper. 

The advantage of using these data is that two of the nonmetal- 
lics, silicon carbide and quartz, were shown to give exactly the same 
hardness whether the indentations were made in the original crystal 
face or in the same face after it had been polished mechanically. 
Thus there is little possibility that the hardness numbers found for 
the nonmetallic substances were influenced by work hardening of 
the surface during preparation of the specimens. If we find that the 
two metallic materials, cemented carbide and hardened steel, follow 
the same type of behavior as the nonmetallics, then we can safely 
conclude that work hardening of the surface caused by mechanical 
polishing cannot explain the variation of Knoop hardness with load 
that is observed with hard metals. 

The measured indentation lengths for a given specimen first had 
to be corrected for any change in the objective used for measuring 
the indentations made at different loads. This was required only in 
the case of topaz, steel and quartz. 

The necessity of doing so is illustrated in Fig. 1, in which the 
measured hardness number K,, of the steel is plotted as a function 
of the load. The broken line passes through the points calculated 
~~ 8Of these, only boron carbide, Kennametal KM and the tool steel were randomly ori- 
ented so that the hardness would be the same in all directions. The rest were single 


crystals indented in particular crystallographic directions as described in (4), and the hard- 
ness data apply only for those directions. 
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Fig. 1—Variation of Measured Knoop Hardness Number with Indenting 

Load tor a Hardened Tool Steel, Rockwell C-60.5. The four circles at the 

extreme left and the crosses and triangles were calculated from the indenta- 

tion lengths as measured with the various objectives. Correction of the 


lengths to the 41 objective used for the indentations made at the four low- 
est loads resulted in the points that fall along the solid curve. 


directly from the observed indentation lengths, three different ob- 
jectives on the Bausch and Lomb Research Metallograph having been 
required to cover the whole range of loads. The irregularities in 
this curve are evident, especially the slight rise between 500 and 1000 
grams. Corrections were then established between objectives by 


. measuring indentations of suitable length with two objectives. When 


the indentation lengths for all but the lowest loads were suitably cor- 
rected to those that would have been observed with the 41% ob- 
jective used for the smallest indentations, the resulting hardness num- 
bers were found to fall on a smooth curve, which is drawn solid. 
Indentation lengths corrected in this manner, together with. the cor- 
responding loads, comprised the data from which it was found pos- 
sible to obtain hardness numbers that did not vary appreciably with 
the load. 

The best value of the correction Al, which was found by trial 
and error to the nearest tenth of a micron, was simply the one that 
resulted in the most nearly constant set of hardness numbers for the 
various loads. This was the set of numbers with the smallest value 
of the standard deviation 0, which is defined as the square root of 
the average of the squares of the deviations of the individual values 
from their average (6). The average of such a set of hardness 
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numbers is the unrecovered Knoop hardness number that we are 
seeking. 

The advantage of using the standard deviation as the criterion 
for the best value of Al is that it gave a more sharply defined answer 
as to the best value than did either the average deviation or the range 
(6). It was felt that this advantage outweighed the disadvantage of 
a slightly greater amount of calculation. For a brief description of 
methods that can be used for quickly establishing the narrow range 
in which the best value of Al is to be found, the reader is referred 
to the Appendix. 

In applying this procedure to the experimental results, it was 
discovered that by omitting the data for loads less than 100 grams, 
a best value of Al could be determined that would lead to a much 
narrower range of unrecovered hardness values than when all the 
data were used in obtaining the best value of Al. In other words, 
discarding the data for loads less than 100 grams resulted in each 
instance in considerably smaller values of the standard deviation for 
K,. The justification for treating the experimental data in this 
fashion is that the excluded indentations were apparently influenced 
by an unknown factor not operating noticeably upon the remainder 
of the indentations. If such a factor did not exist, then discarding 
certain indentations would not be expected to improve appreciably 
and in every instance the consistency of the hardness numbers calcu- 
lated from the remaining indentations. 

The essential constancy of K, with load when calculated in this 
manner is shown graphically in Fig. 2 for the seven specimens for 
which data were available. The corresponding curves for K,, are 
shown in Fig. 11 of the paper by Thibault and Nyquist. The K, 
values for loads of less than 100 grams were obtained by applying 
the same values of Al to the original data as were used for the 
higher loads. It is seen that the points for the lowest loads, con- 
nected by broken lines, are erratic and show no recognizable trend 
as the hardness of the specimen is progressively changed. The points 
for 100 grams and higher lie quite accurately on horizontal lines, 
the biggest deviations occurring for topaz, which could not be in- 
dented without considerable cracking. The indentations in it were 
also difficult to measure accurately. The value of K, for hardened 
tool steel is based upon the data obtained for loads ranging from 100 
to 3000 grams, but for convenience the curve is drawn only as far 
as 500 grams; were it extended to 3000 grams, the points would 
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Fig. 2—Unrecovered Knoop Hardness Number as a Function of the 
Indenting Load. 


continue to fall on the horizontal line just as well as they do in the 
region shown. 
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Additional numerical data, having to do with the internal accu- 
racy of the results and with the relative magnitudes of Al and 1, are 
presented in Table I. The hardness numbers K, have been corrected 
for the slight difference between the actual and nominal indenter 
angles, the correction amounting to +0.3%. The standard deviation 
o is of the order of a few hardness units, hence the justification for 
expressing K, to the nearest unit. The next column gives the coeff- 








Table I 
Unrecovered Knoop Hardness, Ku 

Ku n g Vv lice Al 
Specimen Kg/mm? Kge/mm? % -—Microns— 
Molded Boron Carbide ............ 2088 3 1.4 0.07 22.84 3.3 
i oes ab as ek baa e 1875 5 6.5 0.35 23.51 4.1 
I, ons cw cing cee es 1618 3 1.3 0.08 25.70 4.0 
rE. de. oe bs'deke bear 1243 5 4.3 0.35 31.4 2.5 
Te a dss ahs gs 5 by 894 5 12.3 1.38 34.6 5.2 
Hardened Tool Steel, Re 60.5...... 655 7 2.3 0.35 43.66 3.1 
a le ep = ee 624 5 3.7 0.59 41.3 6.5 

Ka unrecovered Knoop hardness number. 


n = number of different loads used in establishing Ku. 
o = standard deviation of Ku. 

v = coefficient of variation, equal to 1000/Ku. 

= measured indentation length for 100-gram load. 


lioo 
Al = linear correction giving best agreement in Ku at different loads. 
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cient of variation, which is simply the standard deviation expressed 
in terms of K, on a percentage basis. The only material for which 
this quantity exceeds 1% is topaz. Three of the materials, silicon 
carbide, Kennametal KM and hardened steel, fortuitously have ex- 
actly the same coefficient of variation, 0.35%. 

The importance of such a small coefficient of variation is that 
it was based in each case on indentations made at either five or seven 
different loads. It is most unlikely that such concordant results 
could have been obtained if there were no basis for the Al correc- 
tion. The even smaller coefficients of variation for boron carbide 
and aluminum oxide are further evidence in the same direction. In 
these two cases, however, the extreme smallness of this coefficient 
may be of an accidental character since only three experimental 
hardness values had to be adjusted to constancy by means of Al. 
It is possible that had data been available for more loads, the coeff- 
cients of variation would have been more nearly like those for silicon 
carbide and the others. It should be pointed out that the standard 
deviations or coefficients of variation are measures of the. internal 
accuracy of the data and that there may be a small systematic error 
in the derived values of K, caused by an error in the calibration of 
the filar micrometer, the accuracy of which is discussed by Thibault 
and Nyquist (4). 

Two conclusions can be fairly drawn from ‘these data. One, 
already mentioned, is that for a given specimen it is proper to apply 
a constant correction Al to the measured indentation lengths for dif- 
ferent loads, and this means that the elastic recovery in the long 
dimension must have a constant length for a given material. The 
other conclusion is that the basic premise of Knoop hardness testing 
is established within a very small experimental error, this premise 
being that the projected area under load is proportional to the in- 
denting load. These conclusions are subject to the qualification that 
they are not yet established for loads of less than 100 grams, as evi- 
denced by the points at the extreme left in the curves of Fig. 2. The 
possible reasons for this difference in behavior at very low loads 
will be discussed later. 

Returning to Table I, we see that Al may be an appreciable 
fraction of the measured indentation length at low loads, such as 
100 grams. The values of Al consist of an elastic recovery, whose 
magnitude depends on the material, and of a visibility correction, 
which is constant for a given optical system and a given observer. 
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The optical system used for measuring indentations in the first four 
materials was different from that used with the other three (4) and 
the Al values for the two groups of materials are thus not strictly 
comparable in so far as elastic recovery is concerned. This point is 
discussed in detail in a subsequent section. 

About all that can be said at present in regard to elastic recovery 
is that it depends on both Young’s modulus and the yield strength. 
If two materials have the same yield strength, then the one with the 
lower modulus would be expected to have the higher recovery, while 
if two materials have the same modulus, the one with the higher 
yield strength would be expected to have the higher recovery. 

An appreciable difference in Al for two materials of nearly the 
same hardness makes it possible for their curves of measured hard- 
ness versus load to cross. Thus the sample of quartz listed in Table 
I had a higher measured hardness than did the steel for loads of 100 
or 500 grams and yet the steel was found to have a higher K, value. 
Calculation showed that for a load of 900 grams the steel and quartz 
would both have had a measured hardness number. of 683, while for 
even higher loads the steel would have been found to be the harder. 
This assumes that the quartz could have been measured at those loads 
without cracking. 

The question will naturally arise as to how many different in- 
denting loads should be used in establishing K,. When indentations 
have been made at two loads, a value of Al can always be found that 
will make the two calculated unrecovered hardness numbers exactly 
equal; however, there can be no check on the internal accuracy of 
the data, which may be in considerable error. Three is the minimum 
number of loads from which some idea of the internal accuracy 
can be obtained but even in this case it may be possible to hide 
a considerable portion of the error by a suitable choice of Al. 
It is only when measurements at four or preferably five loads are 
available that it is possible to get a true picture of the accidental er- 
rors that are present. 

In many cases, it would be desirable to be able to approximate 
the unrecovered hardness number from the knowledge of a measured 
hardness number obtained for a single load. However, a study of 
the available data for the seven materials discussed in this paper 
showed that a constant relationship did not exist between K,, for 
some given load and K,. The K, values were first corrected to a 
constant observational condition, which was the one prevailing when 
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the 41> objective was used on the Bausch and Lomb Research Me- 
tallograph. The ratio K,,/K, for a 100-gram load was found to vary 
from 1.14 for hardened tool steel to 1.54 for silicon carbide. Al- 
though the harder materials in general had a higher ratio, the rela- 
tionship between K,,/K, and hardness was very irregular and unpre- 
dictable. 


OTHER CONSIDERATIONS INVOLVED IN KNoop HARDNESS 
MEASUREMENTS 


Magnitude of Visibility Error—We have seen in Fig. 1 how 
the measured Knoop hardness number is affected by the optical 
conditions under which the measurements are made. If the other 
conditions remain the same, a decrease in numerical aperture as one 
changes from a high to a low magnification objective results in a 
shorter observed length of indentation. To simplify the discussion 
of the visibility error, we shall first assume that this error, Al,, is 
zero for the objective with the highest numerical aperture, this being 
the 80 oil immersion apochromatic objective. 

Careful observations on suitably chosen indentations made in the 
hardened steel or in silicon carbide showed that the values of Al, 
given in the third column of Table II had to be added to the observed 
values to bring all the data to a common basis, this being the length 
that would have been observed with the 80 objective. All the 
corrections were obtained for steel except for the 62 objective, 
which was for silicon carbide only. The correction for the 41X 
objective was for both materials and was exactly the same, the reason 





Table Il 


Visibility Corrections for Steel Specimens, Using Various Objectives in the 
Bausch and Lomb Research Metallograph 


Correction Based 


Numerical on 80X Objective Actual Correction 
Diameters Aperture Microns Microns 

80 1.40 0.00 1.2 
62 0.95 0.53 1.7 
41 0.65 1.16 2.4 
21 0.40 1.7 2.9 
13.5 0.25 2.5 3.7 

5.6 0.12 4.0 5.2 











being that contrast shown by the indentations is essentially the same 
for these two materials. These data apply only to the Bausch and 
Lomb Research Metallograph equipped with unfilmed objectives but 








342 TRANSACTIONS OF THE A. S. M. Vol. 38 


a similar table could be constructed for a different optical system, 
such as a microscope mounted on the cowl of the Tukon Tester. 
The corrections may be somewhat different for other observers. The 
recently introduced filmed objectives may also require a different set 
of corrections since they may give better contrast and hence an 
increase in the visible indentation length. 

When the relative corrections for visibility are plotted against 








Visibility Error, Aly, Microns 





0 0.4 0.8 1.2 1.6 
Numerical Aperture, N 


Fig. 3—Relative Visibility Error as Function of 
Numerical Aperture. Error is assumed to be zero 
for the 1.40 N. A. objective. The curve is the best 


hyperbola that can be drawn through the experi- 
mental points. 


the numerical aperture N, as in Fig. 3, they are seen to lie very close 
to a rectangular hyperbola, the greatest deviation being only 0.2 
micron. The equation of this hyperbola can be shown to be (Al, + 
1.2)(N + 0.3) = 2.09. By means of this purely empirical equation 
it is possible to extrapolate roughly to a hypothetical objective 
having infinite resolving power and zero visibility error. Graph- 
ically, this is done by plotting Al, against 1/(N + 0.3), which re- 
sults in an essentially straight line. The value of Al, for which 
1/(N + 0.3) is zero is the correction that should be applied to the 
80 objective to take care of the visibility error in the length intro- 
duced by its use. This value amounts to 1.2 microns. Of course, 
the accuracy of this figure depends on the validity of the extrapola- 
tion, but the extrapolated correction for the 80 objective certainly 
appears to be reasonable in view of the large corrections found for 
the other objectives relative to the 80 objective. 





ores 


pcmmenene eran 


aa 


alee ees ee 


an 








1947 KNOOP HARDNESS TESTING 343 


On the same basis, we find that the actual visibility correction 
for the 41% objective used in measuring hardened steel amounts to 
about 2.4 microns. Referring to the Al column in Table I, we see 
that for steel, with Al equal to 3.1 microns, most of the error is due 
to lack of visibility and only 0.7 micron can be attributed to elastic 
recovery. 

The situation is different for silicon carbide. Its Al value in 
Table I was obtained from measurements with a 54% oil immersion 
fluorite objective in a Bausch and Lomb microscope mounted on the 
Tukon Tester. Thibault and Nyquist (4) have shown that the in- 
dentation length measured under these conditions was 0.12 micron 
longer than when it was measured with the 80 objective on the 
Research Metallograph. This means that the actual visibility correc- 
tion for the 54% objective was 0.12 micron less than that for the 
80> objective, or only 1.1 microns. Subtracting this from the cb- 
served Al value of 4.1 microns, we find that the elastic recovery of 
silicon carbide was 3.0 microns, as compared to the visibility error 
of 1.1 microns; both values are, of course, approximate. Here most 
of the contribution to Al was made by the elastic recovery, while in 
the case of the hardened steel it resulted mostly from the visibility 
error. 

Since the indentation contrast in boron carbide and in cemented 
carbide is about the same as for silicon carbide, the visibility error 
for the 54% objective used in measuring these substances should 
also be about 1.1. microns. Subtracting this from the Al values in 
Table I, we find that the elastic recovery of boron carbide was 2.2 
microns while that of Kennametal KM was 1.4 microns. 

To recapitulate, the elastic recoveries were approximately as fol- 
lows: 3.0 microns for silicon carbide, 2.2 for boron carbide, 1.4 for 
Kennameta! KM, and 0.7 for hardened steel. In these cases, at least, 
the elastic recoveries of the metals are lower than those of the non- 
metallic materials. 

The elastic recoveries of aluminum oxide, topaz and quartz, 
which have poor contrast characteristics so that the ends of the 
indentations are even more difficult to see, cannot be calculated for 
lack of data similar to that of Table Il for materials of moderateiy 
good contrast characteristics. However, the visibility corrections are 
undoubtedly higher than reported in this table. 

It is because of the variations in the elastic recovery for differ- 
ent materials and in the visibility conditions that a generally useful 
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relationship cannot be established between the measured hardness 
number at some load and the unrecovered hardness number. 

Even though the visibility error is bound to differ with the ex- 
perimenter and his equipment, the unrecovered hardness number K, 
is not affected thereby. If one observer consistently finds a given 
set of indentations to be one micron shorter than does an observer 
in a different laboratory, resulting from differences in optical equip- 
ment and visual acuity, the Al value that he determines will be one 
micron greater but the K, value will be identical in the two cases. 
This assumes, of course, that both filar micrometers have been cali- 
brated correctly. Thus the unrecovered hardness as calculated from 
the same set of indentations in a given specimen should be the same 
no matter in what laboratory it has been determined although the in- 
dividual measured hardness numbers may differ from one investi- 
gator to another. 

Recovery of Indenter—Since all the substances investigated so 
far have shown some elastic recovery, it is reasonable to expect that 
the same will be true of diamond when it is indented, and also of the 
indenting diamond. The elastic behavior of the indenter in the long 
dimension cannot affect the indentation length because the indenter 
would stretch along the indentation being formed as the load is ap- 
plied. Thus any measurement of the length of a graphite-coated 
indenter that is cleaned off by contact with the specimen would be 
too short by the amount of the elastic recovery of the indenter. This 
recovery would not necessarily be the same as the recovery taking 
place in an indented diamond since the geometry of the contiguous 
surface, which may affect the recovery, is different in the two cases. 

Another effect worth considering briefly is the elastic flattening 
of the indenter under load, which results in a slightly shallower in- 
dentation under load than would be expected from the geometry of 
the unloaded indenter. This flattening would be of consequence only 
if the load sustained per unit projected area was affected by the 
indenter angles. It is not known whether such an effect is measur- 
able for the slight flattening of the indenter that must take place in 
the Knoop hardness testing of very hard substances. 

Significance of Erratic Low-Load Values of K,y—According to 
Fig. 2, loads of less than 100 grams result in erratic hardness num- 
bers after the same Al correction has been applied that makes the 
hardness numbers for all higher loads substantially constant. The 
solenoid attachment on the Tukon Tester intended to overcome in- 
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ertia effects of the indenter at low loads and the torque-arm attached 
to the elevating screw to eliminate side-play have unquestionably 
taken care of most of the error that formerly existed at the low 
loads, but there may possibly be a residue of uncorrected error that 
shows up only when unrecovered hardness numbers are calculated. 
To test this possibility it would be necessary to make similar investi- 
gations on a manually operated indenting instrument, such as the 
National Bureau of Standards possesses. 

These erratic low-load values can hardly be attributed to surface- 
tension effects. Even though the depth of the indentation in boron 
carbide under a 25-gram load is only about 0.3 micron, this cor- 
responds to roughly 1000 interatomic spacings and surface-tension 
effects cannot be expected to extend to more than a very small 
fraction of such a depth. 

It should be stressed that even though indentations made at 
loads below 100 grams should not be used in the calculation of un- 
recovered hardness numbers, they are still perfectly satisfactory in 
the ordinary type of hardness measurement where there is no need 
of comparing hardness values obtained at various loads, as in hard- 
ness gradient studies. 


DISCUSSION 


There are three essentially different approaches to Knoop hard- 
ness testing, each of which has its place. The one that has been most 
commonly used has been based on the assumption that the indenting 
load is irrelevant and that the choice of load depends entirely upon 
the size and depth of indentation considered most desirable in a given 
instance. 

As long as a single load is used throughout an investigation, this 
approach has its merits. The indentation is made as large as possible 
for the greatest accuracy consistent with space limitations. Thus in 
studies of steep hardness gradients as in thin nitrided cases or near 
grain boundaries, it is necessary to keep the indentations quite small 
in order to avoid an average hardness number for an area in which 
the hardness changes rapidly. The use of several different loads in a 
single investigation, on the other hand, introduces differences in 
measured hardness numbers resulting from the changes in load and 
hence must be avoided if the hardness differences are to have any 
real meaning. Another misuse of this approach has been to compare 
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Knoop hardness numbers of certain hard substances obtained by 
various investigators using different loads, mostly unspecified. 

The second approach is to standardize on some particular load 
or loads, just as was done long ago in Brinell testing. For hard, 
brittle materials, Thibault and Nyquist (4) have found it desirable 
to use a 100-gram load to minimize the effect of fracturing which 
may occur. For softer materials, like most metals, it may be desir- 
able to standardize on a higher load, such as 500 or 1000 grams, 
although there is no reason why 100 grams should not be used. This 
limitation to a single load permits comparison of results obtained by 
various investigators but it has the disadvantage that the results are 
affected to some extent by the optical system used and by the visual 
acuity of the observer. To get the maximum benefit of this method 
requires that standard optical equipment be agreed upon by all users 
of the Tukon Tester, which is probably not practicable at present. 
It may be possible, however, to correct for visibility error by means 
of standard test blocks. 

The third approach, which is the subject of this paper, is to 
compute the unrecovered hardness number K, from measurements 
at several different loads, preferably at least five. This obviously 
involves considerably more work but there is the clear-cut advantage 
that the optical system and visual acuity are no longer factors af- 
fecting the hardness determination so that results obtained in differ- 
ent laboratories are directly comparable, assuming that the indenta- 
tions have been properly made in each laboratory. Of course, this 
method should be validated for soft metals but there is no reason 
to believe that it is not applicable in such cases. A further advantage 
of this method is that it gives a truer picture of the indentation hard- 
ness than when a standard load is used in that it tells what load is 
actually ‘supported per unit area and is not influenced by the elastic 
recovery of the material nor by visibility errors. In constructing a 
table of hardness numbers for various substances, this is undoubtedly 
the most satisfactory approach in spite of the extra work involved. 


CONCLUSIONS 


In determining the unrecovered hardness number of a specimen 
it is necessary that all the indentations made at various loads be 
measured under the same observational condition or that they be 
corrected to a standard condition. Loads of less than 100 grams 
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should not be used in this calculation unless some method is found 
of obtaining the same K, value as is obtained within, an extremely 
small error when higher loads are used. Except for materials that 
are difficult to indent without excessive fracture or difficult to meas- 
ure accurately because of poor indentation contrast, the standard 
deviation of K, can be expected to be less than 0.5%. The true value 
of K, also depends on how accurately the filar micrometer has been 
calibrated. 

sy measuring a set of indentations with a series of objectives, 
an empirical curve was constructed relating the numerical aperture 
to the correction for visibility error, based on the assumption that 
one of the objectives had zero error. Extrapolation of the hyper- 
bolic curve indicated that the indentation lengths measured with the 
80> objective were actually about 1.2 microns longer than measured. 
The amount of correction depended on the optical system and on 
the contrast of the indentation relative to the surrounding material. 
From an approximate knowledge of the actual visibility error for the 
materials in which the indentations showed satisfactory contrast, it 
was possible to show that the elastic recovery was greater for boron 
carbide and silicon carbide than for the two metals investigated. 


Appendix 


In determining the internal consistency of ja set of measured 
indentation lengths obtained at different loads, it is advantageous 
to plot them on log-log paper. If the length 1,, is the abscissa and 
the load L is the ordinate, the points can be expected to fall on a 
nearly straight line curving to the left at the bottom and having a 
slope somewhat less than 2. The deviation from an exactly straight 
line of slope 2 is caused by the elastic recovery and visibility errors. 
This slope is the theoretical slope when the square of the indenta- 
tion length is proportional to the load. 

When the correct value of Al is added to the measured indenta- 
tion length 1,, (which should be corrected first to a standard set of 
observational conditions), the new points fall on a straight line of 
the proper slope. The erratic behavior of the points for loads of 
less than 100 grams was first noted when an attempt was made to 
adjust these points by means of Al so as to get them on a straight line 
passing through all the other points with the theoretical slope. Any 
other erratic points would be similarly noted. 
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An approximately correct value of Al can be quickly obtained 
graphically by the foregoing method without the necessity of any 
calculation. The 1, values are first plotted, then each one is in- 
creased by some arbitrary values of Al until the originally curved 
line is straightened. This generally permits finding a Al value to the 
nearest micron. 

The next step is to calculate K, values for two or three Al’s in 
the vicinity of the one just obtained, this being done for each of 
the loads used. When K, is plotted against Al for each load; we have 
a series of straight lines of different slopes. At too high or too low 
a value of Al, the lines are comparatively far apart. The best value 
of Al is the one at which the lines are closest together. Sometimes 
this can be found by inspection but more commonly it is necessary 
to calculate the sum of the squares of the deviations of K, ‘for sev- 
eral adjacent values of Al. In this way the best value of Al can be 
narrowed down to 0.1 micron. Of course, it is possible to make the 
least square calculations from the very start, without any of the 
graphical preliminaries, but this is likely to take much more time. 
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DISCUSSION 


Written Discussion: By James R. Benford, Scientific Bureau, Bausch & 
Lomb Optical Co., Rochester, N. Y. 

I would like to ask the authors what experience they have had with meas- 
uring the diamond indentations by setting on the apparent rounded tip of the 
image as against setting on the imaginary projected crossing point of the 
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tapering sides of the indentation. The latter gives a longer apparent length 
than the former and is, I believe, the accepted technique for measuring. 

In Table II, the authors give actual corrections to be added to the observed 
length to arrive at a constant corrected length. These values are somewhat 
smaller than one would compute on theoretical grounds particularly for the 
lower N.A. objectives, e.g., using the theoretical expression: Resolution = 


NA where A is the wave length of light (0.55 micron), and N.A. is the 


numerical aperture of the objective, one would compute the resolution of the 
0.65 N.A. objective to be 0.427 micron. To get the theoretical length correc- 
tion one multiplies this value by 7.11, the ratio of the two dimensions of the 
indentation, giving a computed correction value of 3.03 microns, i.e., somewhat 
larger than the actual 2.4 microns as determined by the authors. 

This difference is less at the higher N.A.’s and greater at the lower 
N.A.’s but in all cases the theoretical value exceeds the measured value. We 
believe it is explainable if the authors used the technique of setting on the 
imaginary projected crossing point of the indentation sides. In other words, 
the objectives appear to be doing considerably better than one would compute 
them to be capable of doing, and we wonder whether the authors concur in the 
idea that this may be due to the measuring technique adopted. 

In attempting to determine which objective is best to recommend for 
metal specimens we have recently tried five objectives ranging from 0.65 to 
1.40 N.A. on indentations in hardened steel. All objectives were filmed for 
anti-reflection. Two observers measured the same indentation 30 times with 
each of the five objectives. The measurements showed the same trend as 
described by the authors, the measured lengths increasing with increasing N.A. 
However, upon adding the theoretical correction factor o> 
result it was found that three (6mm, 0.65 N.A., 4.3mm; 1.00 N.A. Fluorite, 
and 2.75mm, 1.25 N.A. Fluorite) of the five objectives gave corrected lengths 
substantially equal, while the other two (4mm, 0.95 N.A. and 3mm, 1.40 N.A. 
Apochromats) gave lower and unequal readings. 


to each 


Thus we are right now of the opinion that any one. of the first three 
objectives may be interchangeably employed on metals as long as one adds the 
proper theoretical correction factor. For nonmetals, using unfilmed objec- 
tives, this simplification cannot be used as the authors’ data show. We would 
appreciate the authors’ comments on this method of attack to the problem 
of standardizing on a recommended objective, for although we are sometimes 
called upon for advice in this field we feel like anything but experts in it. 

Written Discussion: By Vincent E. Lysaght, Wilson Mechanical Instru- 
ment Co., Inc., New York. 

The paper throws additional light on the original work presented by D. R. 
Tate’ in connection with the increase in Knoop numbers with decreasing load. 
It is hoped that it will cause others to continue this study further. 

The Wilson Mechanical Instrument Co. most emphatically urges all users 
of all hardness testing equipment—not only the Tukon Tester and Knoop 


1Douglas R. Tate, ““A Comparison of Microhardness Indentation Tests,’’ TRANSACTIONS, 
American Society for Metalsy Vol. 35, 1945, p. 374. 
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Indenter—to follow the second approach as presented under the discussion 
section. The first approach is likewise satisfactory but oftentimes it is neces- 
sary to use different loads for different problems. 

The assumption that the indenting load, in any kind of indentation hard- 
ness test, is irrelevant is made by the user of hardness testing equipment only 
in a state of “wishful thinking” rather than being based on scientific fact. 

The load should always be specified with the hardness number. Under 
certain conditions when used with caution, comparisons may be made with 
results obtained under different conditions, but these cases are rare and should 
only be used as a last resort. 

To know the cause of high Knoop numbers with decreasing loads is a 
valuable contribution to the art of hardness testing, but it is hoped that such a 
theory will not lead to the wholesale use of Knoop hardness numbers without 
specification of load. Even if a mathematical correction is developed and 
granting geometric similarity, such factors as work hardening and work soften- 
ing with increasing loads still enter the picture. 

Written Discussion: By R. Smoluchowski, Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. 

Drs. Tarasov and Thibault’s results are of great interest and importance. 
Naturally, the possibility of correcting for the recovery of the tested material 
and for the visual errors is extremely interesting and of great practical impor- 
tance. For some time, I have been interested in developing a method to 
measure the size of indentation before the load is removed. Although. the 
results are not yet ready for publication, I would like to describe briefly the 
method. 

The pyramid of the diamond is covered with a thin layer of Aquadag, 
which is a fine suspension of graphite. While the diamond penetrates into the 
metal, a layer of graphite is pushed away from the tip of the diamond. The 
diamond is subsequently removed from the tester and examined under the micro- 
scope. That part of the diamond which was below the surface of the tested 
material appears clear and stands out sharply against the graphite-covered rest 
of the indenter. 

By comparing the size of the bare part of the diamond with the size of 
the indentation in the metal, the recovery of the metal can be measured. The 
method is naturally much too complicated for a practical application; however, 
it seems to be of great value for checking of various theories of hardness 
measurement and of various corrections introduced to the observed data. We 
hope to be able to establish an actual experimental verification of Drs. Tarasov 
and Thibault’s theoretical analysis. First mention of this method was made 
in the discussion to Tate’s paper about two years ago, but the research was 
interrupted because of the wartime emergency. 

Written Discussion: By Horace Winchell, professor of mineralogy, 
Yale University, New Haven, Conn. 

The idea of extrapolating physical test data from those obtained under 
imperfect conditions to the values that would be obtained under theoretically 
ideal conditions is not new, but the analysis of data such as Knoop hardness 
numbers, which involve several initially unknown sources of error, is an 
especially remarkable achievement for which the authors of this paper are to 
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be congratulated. It is not surprising that this fundamental contribution comes 
to us from the laboratory that produced the data presented by Thibault and 
Nyquist. Only such data as theirs would be worthy of the effort necessary 
for extrapolating to theoretical results obtained under conditions of infinite load 
and perfect observation. We recognize the fundamental importance of this 
contribution. It will almost surely lead to improved methods for making and 
treating the necessary observations. 


Authors’ Reply 


In reply to Mr. Benford, we have always measured Knoop indentations 
by setting on their apparent ends, as described in detail on page 291 of the paper 
by Thibault and Nyquist (4). Whether the ends of a properly made indenta- 
tion appear slightly rounded or sharp seems to depend on the observer; when 
the ends are obviously rounded, this shows that the indentation is not satis- 
factory. Projecting the sides of an indentation to an imaginary crossing point 
would perhaps give somewhat longer measured lengths, but we had no way 
of doing so in a reproducible manner. It is our impression that the generally 
accepted technique for measuring a Knoop indentation involves its apparent 
ends rather than the projected intersection of its sides. The uncertainty in the 
second of these methods would appear to be greater. 

The reason for the discrepancy between our empirical visibility corrections 
and those calculated from straightforward optical theory can best be explained 
by considering the data in the third column of Table II. These values are 
the visibility corrections relative to that for the objective with the highest 
numerical aperture and since they have been determined directly by experiment, 
they are not subject to any error of extrapolation. The difference between 
the corrections for any two objectives is the relative visibility error of one with 
respect to the other. The corresponding difference between the visibility cor- 
rections predicted by theory should be the same within an experimental error 
of not more than a few tenths of a micron; otherwise, the theory in its present 
form is not valid for Knoop indentations. 

If we perform the calculations for the 0.65 N.A. and 0.25 N.A. objectives, 
for instance, we find that the measured relative visibility error is only 1.3 
microns as compared to a theoretical value of 4.8 microns. Similar large dis- 
crepancies are found for other pairs of objectives. Thus it is clear that 
the optical theory will have to be modified appreciably before it can be 
applied successfully to the correction of Knoop indentation lengths. Possibly 
certain diffraction phenomena associated with contrast, which are neglected 
in the present simple theory, will have to be taken into consideration. 

It may be instructive to compare the equations for the actual visibility 
correction, i.e., the correction relative to an ideally perfect objective. The 
equation best fitting our experimental data is Al, =2.09/(N + 0.3), while 
the theoretical equation used by Mr. Benford proves to be Aly = 1.96/N, 
where N is the numerical aperture. The two equations are quite similar ; 
the marked discrepancy between the results obtained from them is due mostly 
to the presence of the numerical factor (0.3) in the denominator of the experi- 
mental equation. This factor becomes relatively more important as the numeri- 
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cal aperture diminishes, and this is the mathematical reason for Mr. Benford’s 
observation that the discrepancy is greater for the lower numerical apertures. 

In regard to the criterion proposed by Mr. Benford for the selection of 
the most suitable objectives, the foregoing evidence indicates that the theoretical 
visibility corrections are much too large; hence the agreement found for three 
of the objectives, after the theoretical corrections had been applied to the 
measured indentation lengths, was probably fortuitous. At present, we would 
hesitate to say that these three objectives were inherently more suitable for 
Knoop hardness work than the two objectives which did not give the same 
corrected lengths. 

In our opinion, the most suitable objective is the one giving the greatest 
indentation length in microns, provided the largest indentations to be measured 
with it fall within that portion of the field of view that is normally used for 
measuring purposes, and also provided the contrast is satisfactory. For ex- 
ample, the 0.95 N.A. objective gave such poor contrast on steel, compared 
with the 0.65 N.A. objective, that the latter would certainly be preferable 
even though the indentations measured with it were 0.7 micron shorter. 

The situation with respect to visibility error is admittedly unsatisfactory. 
One reason is that the existence of such an error was not hitherto recognized. 
With its existence and importance demonstrated, it is to be hoped that a 
method will be devised by the optical industry to permit the determination 
of the actual visibility error without having to depend on an extrapolation of 
uncertain accuracy and having no theoretical justification. Until this is done, 
users of the Knoop hardness test who expect others to be able to check their 
hardness values very closely should specify not only the load but also the 
optical conditions. The alternative is to make indentations at several loads 
and thus obtain Ku, since this method does not require a knowledge of the 
visibility correction. 

Mr. Lysaght has stressed the importance of always specifying the load, a 
matter in which we are essentially in agreement, as just mentioned. It is only 
when the unrecovered hardness number Ky is obtained that the load has no 
significance, but most users of the Tukon instrument will have no reason 
to use Ky in their work. This type of hardness number will be primarily 
useful in studies designed to increase our understanding of hardness and its 
measurement. 

For instance, Mr. Lysaght mentions that work hardening may enter the 
picture. Presumably, changes in work hardening with depth of indentation 
are meant, since some physical change must inevitably occur near the surface 
of the indentation where the material has been disturbed. A work hardening 
effect would be contrary to the basic premise of pyramidal hardness testing, 
but possibly the premise is incorrect. We found no evidence of a work hard- 
ening effect in our measurements, which were restricted to hard, brittle mate- 
rials, but such an effect may conceivably be present in soft, ductile metals. 
If the amount of work hardening varied with the load, so would Ka, arid we 
would, in general, be unable to find a single value of 41 that would lead to 
a constant value of K. for all loads. 

Perhaps this situation will be observed in ductile metals when they are 
investigated in the same manner. In that case, it may still be possible to 
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obtain 41 from experiment instead of by computation, as we have done. The 
visibility correction might be determined on a hard material of the same 
reflectivity but not subject to a work hardening effect, and the recovery cor- 
rection might be obtained by direct measurement of the cleaned-off area on 
an indenter previously coated with graphite, as suggested by Dr. Smolu- 
chowski. Correction of the measured indentation lengths for these two ex- 
perimentally determined quantities would give unrecovered hardness numbers 
that varied with the load in accordance with the amount of work hardening. 

In closing, it is our hope that other experimenters in the field of Knoop 
hardness testing will try out on a variety of metals the method we have 
described for obtaining Ku, to determine whether or not it is applicable in 
all cases. The usefulness of such study would be greatly enhanced by a 
parallel investigation of Vickers indentations, for these are undoubtedly sub- 
ject to visibility and recovery errors, just as are Knoop indentations. From 
data obtained in this manner, it may be possible to get a better insight into 
the relationship existing between these two types of hardness measurement. 


HARDENABILITY OF SHALLOW HARDENING STEELS 
DETERMINED BY THE P-V TEST 


By B. F. SHEPHERD 


Abstract 


This paper describes a new test specifically suited for 
the determination of the hardenability of shallow harden- 
ing steels which require cooling rates faster than 80 F 
per second at 1300 F for the microstructure to retain 50% 
martensite. 


HERE are many applications in machinery manufacturing where 

a definite knowledge of the hardenability of shallow hardening 
steels is required so that the metallurgist can insure maximum per- 
formance in service. At the present time there is no universal 
standard, either of hardenability or of hardenability tests. A number 
of tests have been proposed; one of them (the so-called Jominy test ) 
is now widely used by both producers and consumers of steels to 
measure the characteristics of the engineering alloy steels of fair to 
deep hardenability. Others are more adaptable for the shallow hard- 
ening steels, and are used by certain steel mills or individual cus- 
tomers, but all of the latter have objectionable features such as 
insufficient sensitivity, insufficient accuracy, noninterchangeability, 
high cost of machining specimens, limited latitude of application, 
expense, and these factors have prevented widespread acceptance 
and standardization. 

For example, the present author, many years ago, devised a 
useful test for controlling heat treatment of plain high carbon steels 
used in important parts of rock drills and other battering tools. 
Perhaps even prior to that certain tool steel mills had put their own 
tests into use for controlling the quality of trade-named brands. The 
author’s so-called P-F test (for Penetration-Fracture characteristics ) 
was described in a brief paper printed in the TRANsactTions, Vol. 
22, December 1934, under the title ““The P-F Characteristic of Steel.”’ 
In this test four specimens 3 inches long cut from 34-inch rounds 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, B. F. 
Shepherd, is chief metallurgist, Ingersoll-Rand Co., Phillipsburg, N. J. Manu- 
script received June 20, 1946. 
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are normalized and oil-quenched, then hardened by heating in an 
electric furnace to 1450, 1500, 1550 and 1600F respectively, and 
quenched in brine. These samples are then notched to 74g inch and 
fractured by transverse impact. The F or fracture grain size is 
determined by comparison to fracture standards—carefully prepared 
tool steel rounds heat treated to a graded series of grain sizes.‘ 
Hardness penetration on each of the specimens is measured micro- 
scopically to the nearest 64th inch on the other half of the fractured 
samples after etching. Characteristics of the steel are then recorded 
as eight numbers, the first four representing the hardness penetration 
in 64ths for each of the four quenching temperatures, and the last 
four numbers the fracture grain size. 

While this test and the Shepherd slab test'* have been success- 
fully used by Ingersoll-Rand Co. and its principal steel suppliers 
for many years, and a great deal learned from it as to the idio- 
syncrasies of plain high carbon steels, they are obviously not the 
simplest tests in the world. 

The well-known Jominy hardenability test offers a means of 
determining differences in hardenability between steels having critical 
cooling rates under 80 to 100 F per second, but is not satisfactory 
for the faster rates required for carbon steels. A modification, known 
as the L-type bar, is not satisfactory because much care is required 
in machining, and it has a tendency to crack when hardened. Greene 
and Post of Carpenter Steel Co. have prepared (and used to advan- 
tage in their own works) a tapered test piece,? quenched by complete 
immersion, but neither has this test been widely adopted. 

Shortcomings of Quenched Rounds as a Test—It must be recog- 
nized that there is a considerable difference between a hardenability 
test and the determination of hardenability, although the two terms 
are used synonymously many times. A hardenability test is a method 
of producing reproducible cooling rates at various locations in a 
specimen. The determination of hardenability involves the use of 
this test to determine the reaction of the steel to known cooling rates 
when cooled from a known and controlled austenitic structure. Dif- 
ferent steels may respond in the same manner when subjected to a 
hardenability test, or they may not respond in the same way that 


1For stereoscopic photographs of the Shepherd grain size standards see Mretat Procress 
Data Sheet No. 78 (1946 edition). 


“B. F. Shepherd, “Inherent Hardenability Characteristics of Tool Steel,’’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 17, 1930, p. 90. 


20. V. Greene and C. B. Post, ‘Determination of Specific Hardenability of Shallow 
Hardening Steels,’ SAE Journai (Transactions), Vol. 49. July 1941, p. 278. 
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another heat of closely similar chemical composition does, but a 
single steel will also react in a different manner dependent upon the 
conditions of austenitizing. 

It might be supposed that the simplest way to make a harden- 
ability test would be to adopt the most commonly used method of 
quenching a round bar under predetermined conditions, and then 
ascertain the depth of hardness penetration by fracturing, etching, or 
hardness measurements. Fully hardened structure at the very sur- 
face would be nearly 100% martensite ; “depth of hardness” is usually 
measured down to a hardness or structure corresponding to 50% 
martensite. As is well known, this structure corresponds closely to 
the point of inflection of depth-hardness curves, and the change in 
color upon etching darkened case, lighter core.* 

However, ample experience proves that the determination of 
hardenability by such a test is not as simple as it seems. The round 
bars must be of a size suited to the steel under investigation and this 
may not be known in advance. Small sized rounds may harden too 
deeply, and as the gradation zone between case and core widens 
under these conditions, accurate measurement of depth of hardness 
will be difficult. Larger sized rounds may give a sharp gradation 
zone, but the test is then too insensitive, penetration of hardness 
being often unaffected by considerable changes in the velocity of the 
quenching medium. Likewise, it is well known that a considerable 
change in cooling rate of the outside of a round bar may be made 
without substantially affecting the interior; erroneous impressions 
of relative hardenability may therefore result; material of unknown 
hardenability will require a number of sizes of round bars; this ob- 
viously increases the expense of the test unduly. 

For those not familiar with the vagaries of modern steels mar- 
keted as “plain high carbon tool steel’—as far as penetration of 
hardness after controlled quenching is concerned—Fig. 1 is pre- 
sented. This shows bars from 12 heats of carbon tool steel quenched 
from 1450F in an overflow 10%-brine spray (25 gallons per 
minute). Sizes are % to 1%-inch round. The prehardening struc- 
tures in all bars were fully spheroidized, and they were held essen- 
tially the same time at hardening temperature. These heats represent 
approximately the shallowest and the deepest hardening steels to be 
expected without “alloy additions’, although, from the analyses shown 


*This is the criterion used in this paper, but any user of the test to be described can 


make changes in this parameter to suit individual requirements without alteration of the 
test procedure. ; 
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in Table I, many of the more hardenable steels had more than what 
might fairly be called “incidental” or “tramp” alloy. The above- 
mentioned effect of mass upon penetration for any one particular heat 
is also readily seen in the bars of Fig. 1. 

Test Piece for New P-V Test—Without more words justifying 
the desirability for searching for a new test for depth of hardening 
on shallow hardening steels, a test not only accurate, capable of 
reproducing cooling rates, and cheaply and simply performed in the 
laboratory on a production basis. Perhaps it was our- extensive 
experience with rock drills that turned our attention to a chisel- 
shaped test piece. It is a matter of common observation that the 
depth of hardening on the diagonal of a square bar is much greater 
than the depth normal to the flat face. This diagonal distance may 
therefore be looked upon as a magnified measure of the depth of 
hardening. The width of the transition zone between case and core 
is also greater, indicating that the cooling rate gradient is less steep 
at the diagonal. 

These features were used as a basis for selecting the wedge- 
shaped samples (Fig. 2) used in the new P-V test (symbolizing Pene- 
tration-Velocity or Penetration-Vee Shape). 

The specimen has a 90 + 1-degree chisel edge and is 14% + + 
inch long over all. In sizes 1% to 134-inch round they are made 
directly from the bar. Sizes larger than 134-inch round must be 


Table I 
Chemical Composition of Some of the Steels Tested 


Shown in — 





———-Chemical Composition 


Code Fig. No. j Mn P S Si Ni Cr Mo V Cu 
A-67 (No. 1) l 1.02 0.09 0.011 0.013 0.03 0.02 0.05 0.03 0.03 
UW (No. 2) 1 1.03 0.28 0.012 0.015 0.15 0.02 0.04 Nil 
TA (No. 3) 1 1.07 0.15 0.012 0.010 0.09 0.10 0.05 Nil 
UP (No. 4) l 1.07 0.34 0.015 0.015 0.22 0.03 0.10 Nil 
BK (No. 5) 1 1.00 0.24 0.015 0.019 0.17 0.07 0.09 0.01 
SX CNo. 6) 1 1.09 0.26 0.014 0.018 0.26 0.20 0.17 Nil 
No. 7 ] 1.04 0.29 0.013 0.031 0.16 0.14 0.15 0.03 
No. 8 1 1.00 0.31 0.017 0.027 0.28 0.07 0.13 0.03 
No. 9 l 0.97 0.46 0.020 0.030 0.29 0.05 0.17 Nil 
No. 10 1 9.99 0.36 0.018 0.024 0.31 0.17 90.15 0.03 
No. 11 1 0.98 0.50 0.023 0.026 0.27 0.12 0.23 0.03 
No. 12 l 0.94 0.45 0.020 0.021 0.36 0.16 0.21 Nil 
BH 1.00 0.31 0.009 0.031 0.20 0.26 0.05 0.01 
te 160 Gar @O.618 Geen ae) Oe O82. O.6Raiccc® aces 
WN 14 1.12 0.27 0.015 0.035 0.22 0.08 0.06 0.00 .... 0.05 
PV 14 1.03 0.22 0.010 90.029 90.20 90.10 90.09 0.03 .... 0.04 
BX 14 1.03 0.38 0.019 0.030 0.23 0.02 0.04 0.01 ; ; ay 
UZ 14 1.02 0.43 0.019 0.025 0.28 0.08 0.14 0.02 .... 0.05 
VY 14 0.90 0.59 0.012 0.030 0.28 0.04 0.06 0.01. .... 0.05 
UX 14 1.01 0.45 0.020’ 0.022 0.36 0.09 0.30 0.03 ... 0.09 
PX 14 0.98 0.55 0.027 0.029 0.37 0.14 0.15 O.01 .... 0.06 
TI 1.09 0.15 0.010 0.013 0.12 0.06 0.05 Nil .—l 
1-R-143 G50 GZS ceocce secre te O34 Se (E00 soa 9.04 
2-R-143 Gee Gel ecces cedes Qe” eee Eee Bee oss. “oe 








1947 THE P-V TEST 359 





Fig. 2—-Several P-V Test Pieces Sawed from Rounds As-Received. Note identi 
fication stamp on the base along the diameter perpendicular to the chisel edge. 


machined preferably to 1%4-inch round. Sizes smaller than 14-inch 
round can be quenched, but require a special spray nozzle in the 
quenching fixture later to be described. 

These specimens may be made simply by a number of methods. 
Fig. 3 shows a fixture for a power hacksaw. The bar is fastened in 
the vise or jig and a cut taken at 45 degrees to the longitudinal axis 
of the bar. The jig is then swung to a position where another cut 





360 TRANSACTIONS OF THE A. S. M. Vol. 38 





Fig. 3—Swivelling Vise for Holding Tool Steel Rounds in Power Hack-Saw; the 
First Cut on “V” End is Half Through. 


is taken 90 degrees to the first cut. It is again swung 45 degrees 
back, and a cut made 90 degrees to the longitudinal axis of the bar; 
this removes the specimen. The “V” edges are then slightly buffed 
on a power sander. The total time of making. specimens by this 
method including removal from the bar is approximately 314 minutes. 

Specimens may also be made much faster in a cut-off machine 
such as the DeWalt. They may also be made in a milling machine 
with two 45-degree cutters at right angles to each other, or by 
a number of other methods suitable to the laboratory facilities. 

Cast bars approximately 14 inches in diameter can be quickly 
fabricated into test specimens of this sort. These specimens may be 
readily handled in shop or laboratory and filed for reference by using 
long wooden trays with a 90-degree V trough planed down the center. 

Passing over, for the time being, the reason for the acceptable 
heat treatment schedule, other than to say that most of the tests 
described were completely spheroidized, then heated to 1450F in 
electrically heated muffle, 1 hour total furnace time, and quenched in 
10% brine at 85 F, let us pass to the design of the fixture for spray 
quenching the chisel edge of this test piece. 

Fig. 4 is a detailed drawing of the quenching fixture, and Fig. 5 
is a photograph of it while quenching a P-V test piece. The fixture 
is screwed to the top of a vertical %4-inch pipe located conveniently 


in a suitable tank. Quenching fluid, coming up through this pipe, 
through the fixture, out the slots and onto the hot test piece, is con- 
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Fig. 4—Detailed Drawing of Quenching Fixture for P-V Test Pieces. 


(A) = Opening in Cover Plate Relieved 4 Radius 


®) = Shape to Fit OD of Fixture 


trolled by a quick acting valve whose handle is connected to a foot 
treadle outside the tank by a brass chain. Pressure is so regulated 
that the fluid flows at 5% gallons per minute; if there is no specimen 
in place the streams flowing through the slots rise 3 inches, measured 
from bottom of slots. In use, the locating screw is adjusted for the 
diameter of piece being quenched so the specimen is centrally located, 
the hot specimen placed on the fixture, the quick acting valve opened, 
and flow continued until the test piece is cool enough to be removed 
with bare fingers. 
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Fig. 5—Photograph of P-V Test Piece Being Quenched 





Fig. 6—Axial Section Through P-V Test Pieces, Etched with Nital, Show 
ing Uniform Depth of Hardening Below Chisel Edge (Upper Edge of Photo 
graphs) and Lack of “Edge Effect’’ at Right and Left—Elements of the Outer 
Cylindrical Surface of the Original Test Pieces. Full size. 
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Fig 7—Slabs Being Cut from P-V Wedges with Two Diamond Wheels. Ground 
sides of these slabs are traversed for hardness-depth data. 


j 


We have found that this method produces a quenching speed of 


such intensity that the heat removal becomes a factor of the heat 


conductivity of the steel. The shape of the specimen so extends the 


range over which the critical cooling rates of shallow hardening 
materials occur that inherent differences in reaction to cooling rates 
are readily and easily measurable. This has been proved by cutting 
a number of the specimens of steels ranging through the entire 
series shown in Fig. 1 longitudinally—that is to say, the plane of sec- 
tion contains the chisel edge—and measuring the hardness gradient 
from the edge at intervals suitable to the hardness measuring instru- 
ment used. Likewise, when these diametral sections are etched with 
nital the darkened portion representing hardened metal (down to 
50% martensite) they show a uniformly hardened pattern whose 
inner edge parallels the chisel edge clear across the bar (Fig. 6). 


For equally good results on small sized rounds—l1 inch or 3% inch— 


a slotted plate with proportionately smaller and fewer slots must be 
inserted in the quenching spray. As noted, large rounds should be 
machined to 1% inches before forming off P-V wedge. 

Slabs for Hardness Testing—It should be emphasized that the 
split specimens mentioned above were cut especially to show uni- 
formity of depth hardness in the axial plane of the chisel edge. This 
is by no means a routine operation. 
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For routine determination of penetration, slabs, 3% inch thick, 
are cut from these quenched P-V wedges as shown in Fig. 7, which 
shows the slabs partially cut from two specimens on the magnetic 
chuck of a Brown and Sharpe grinder using Norton Alundum grade 
60M4L, 5 by 7-inch cutting wheels. Wheel wear and risk of 
“burning” or tempering the hardened test pieces is reduced by use 
of wax impregnated wheels GONAT from F. Bancroft, Dearborn, 
Mich. Fifteen samples were cut with a pair of these wheels (in lots 
of three) in an average time of 6 minutes each. The diameter of 
the wheels was reduced % inch per set of three specimens. 

The slabs are then laid flat on the magnetic chuck and ground 
on both sides with a Norton grade 19A46G wheel. Twelve specimens 
ground at the same time had 0.010 inch removed from each side 
in an average time of 5 minutes each. 

It should be noted that the stamping that identifies the specimen 
should be placed as noted in the caption of Fig. 2, and it is obvious 
that the slab cut as above will be permanently marked. 

Another satisfactory method of getting a surface for testing 
is to take one cut through the specimen not more than ;*; inch off 
center. A small flat is then ground on the outside diameter of the bar 
parallel to the cut on the far side; this flat properly supports the 
specimen during hardness testing. 

Inasmuch as the pieces are placed on a magnetic chuck the cuts 
are at right angles to the base instead of to the P-V edge, whereas, 
as mentioned above, the hardening pattern is parallel to the P-V 
chisel edge. If the original test wedge was sawed from the bar, 
there is a possibility that the chisel edge and the base may not be 
exactly parallel—the fixture shown in Fig. 3 not being one of high 
accuracy. However, the angularity need not be great, and the error 
introduced by lack of parallelism is very small. For example, for 
5 degrees off parallel—an extreme amount—the theoretical increase 
in measured depth over the actual (perpendicular) distance is 0.4% 
—a negligible amount, well within the accuracy of the hardness 
testing procedure. 

Hardness-Depth Survey—Now that the steel is sampled, the 
V-wedge hardened and a slab cut from it, the next step is to make 
a series of hardness tests down the line bisecting the wedge’s angle 
and at known distances from the apex, plotting the observed hard- 
nesses against the known distances and interpreting the curve. It 
is apparent that some handy fixture must be mounted on the anvil 
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of the Rockwell hardness testing machine so that these tests can be 
made at accurate and known intervals. 

At first these hardness surveys were made by putting the sample 
in a parallel motion fixture where locations along a straight line were 
noted by a depth micrometer built into one end of the fixture. Later 
another device similar to a microscope stage, capable of vernier 
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Fig. 8—Complete Hardness-Penetration Curves for a Slab of Steel (Code 
A-67), One Side Surveyed by Rockwell N-30 Scale, the Other Side Surveyed 
by Rockwell C Scale. 


movements at right angles was built for us by Valley Tool & Pre- 
cision Co. of Easton, Pa. By its means we can survey an area 2%4 
by 2 inches in dimension. A feature of our operation is a 10-power 
magnifying glass permanently fixed to the Rockwell machine and 
focussed on the very point of the indenter. By this means the zero 
point of the hardness-depth curve (where the point of the indenter 
is exactly over the apex of the angle of the test piece) can be readily 
located.* 

Two complete plots of such hardness surveys are shown in Fig. 
8. One set of tests was made with the Rockwell N-30 scale at 0.015- 
inch intervals; the other set was made on the other side of the slab 
with the Rockwell C scale at 0.050-inch intervals. (The relationship 
between the two scales, shown on the vertical ordinates, is the one 
shown by the maker’s chart No. 38.) 

As mentioned already, the criterion of hardenability is a 
quenched structure containing 50% martensite.® 


‘Editor’s Note: Mr. Shepherd’s original manuscript contained pictures of all these 
devices, but in the interest of economy they have not been reproduced. Any interested 
person can examine them in the library of the American Society for Metals, where they 
will be permanently preserved, or may arrange to have photostats made thereof. 


5It is understood, of course, that other criteria may be used to suit local needs. 
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Microscopic examination of a number of such surveyed slabs 
shows that this condition for plain high carbon steels is very close to 
the following hardness levels: 


Rockwell C-55 
Rockwell N 

Rockwell A 
Vickers (10g. 


-73 
-78.5 
) 598 

At Ingersoll-Rand we have accepted these hardness values as 
identical. The “hardenability” of a plain carbon steel determined 
in the above described manner is its P-V value, which is the distance 
in inches from the apex of the angle to the place where the hardness 
level is C-55, N-73, A-78.5 or Vickers 598, depending on the hard- 
ness tester used. 

To avoid interference, readings through the transition zone are 
spaced 0.015 inch apart if taken on the N-30 scale or the Vickers 
machine, 0.020 inch apart if on the A scale, and 0.050 inch apart if 
taken on the C scale, the latter being undesirable on account of the 
steepness of hardness gradient. 

For the test shown in Fig. 8 the P-V value of that steel (code 
A-67) was 0.165 inch when tested on the N-30 scale, and 0.158 inch 
when tested on the C scale. Obviously, in routine testing, only a few 
hardness impressions at the transition zone are necessary—hardnesses 
of the completely martensitic case and of the unhardened core are 
seldom of interest. 

A number of specimens covering a wide range of P-V values 
(quenched in 10% brine at 85 F, from spheroidized structure, 1 hour 
total furnace time at 1450 F) were selected from our storage cabinet, 
carefully reground and tested to establish typical curves for the 
various hardenabilities. Fig. 9 shows the etched specimens; Fig. 
10 the plots whereby the P-V values were determined of some 15 
steels of increasing hardenability.° Table II gives the P-V rating of 
each specimen taken from old records; it also contains the retest 
(N-30 value) as well as a second estimate made on the opposite 
side of each slab using one of the other hardness scales. It will be 
observed from the last column that the correlation is very good, and 
that in all specimens the other hardness scales gave a shallower P-V 
value then the tests with N-30 scale. Metallographic examinations 
made on faces tested with N-30 scale checked the P-V value (location 
of 50% martensite point) very closely. 





®*The original manuscript contained complete hardness-penetration curves of all these 
tests and retests. 
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Fig. 9—Photograph of Etched Slabs Whose P-V Hardenabilities are Listed in 
Table II. Transition zone (by etching) is much sharper in steels of lesser hardenability. 
Natural size. 
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Fig. 10—Typical Hardness-Penetration Curves (Transition Zones Only) of 15 Steels 
Comprising a Wide Range of Hardenabilities. It will be noted that the slope of the 
tangent to these curves increases with increasing P-V value, corresponding to the 
reasonable supposition that the transitional microstructures are the more closely con- 
centrated in steels with the lesser the hardenability. 
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Table III 
Effect of Low Tempering on P-V Determination 
_ , Data on 
Heat Code and -——Original Specimens——_,_ Tempering 

--Acceptance Test on Heats—, Orig- Retest Tempera- Retest 
nv. aay No. —— inal after ture after 

Code Tests N P-V Grinding* F Tempering 
TISOSC ' 0.151/0.009/2 1 0.147 0.151 200 0.151 
Tee: «Seebeck enbdnies 2 0.156 0.156 300 0.156 
TISOLC 0.170/0.007/2 l 0.166 0.171 400 0.171 
Zeeeeee +2) - akenabeawdt es 2 0.173 0.174 500 0.166 
AO 0.308/0.01/3 1 0.314 200 0.310 
a le UTA | eerie cee aici 2 0.318 300 0.316 
Al 0.315/0.008/3 1 0.312 400 0.313 
me ick 5 = ephkeacwebuaes 2 0.322 500 0.310 
MU 0.446/0.005/3 2 0.453 200 0.455 
_ | eee eS eS 3 ade ka 0.460 300 0.449 
PX 0.447/0.013/3 1 0.448 0.451 400 0.455 
ae gh” he 11 0.453 0.464 500 0.448 





*May or may not be same e side of slab. 


EFFECT OF TEMPERING DURING SAMPLE PREPARATION 
(CUTTING AND GRINDING) 


The technique of sample preparation should avoid any inac- 
curacies in the results due to overheating during cutting or polishing. 
Likewise, Engel’ has shown that mixtures of martensite and trans- 
formation products are less readily tempered than 100% martensite, 
and any moderate amount of heat would be unlikely to change the 
location of the transition zone a measurable amount. Our experi- 
ence confirms this, but it was thought desirable to artificially temper 
specimens and determine the influence of such tempering temperature 
upon the P-V value and hardness gradient in order to assess the 
actual heat effect of grinding. 

Samples of low, medium and deep hardening steels were selected 
from our file cabinets and approximately 3); inch removed from the 
original tested surface before retesting. They were then tempered 
in a Lindberg furnace for 1 hour total time at the temperatures 
indicated in Table III, reground, removing approximately 5 inch 
and any trace of decarburization, and retested using the N-30 Rock- 
well scale. 

Results shown in Table III*® indicate that the P-V figure on any 
of these steels is unaffected (measurably) by temperings up to and 
including 400 F. It is unlikely that this temperature will be exceeded, 
in sample preparation, except by gross carelessness. 


™F, H. Engel, Transactions, American Society for Metals, Vol. 27, 1939, p. 1-15. 


®The original | maargocript contained complete hardness-penetration curves substantiating 
the figures 


Table III, 


a 
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INTRA-LABORATORY CHECKS AND UNIFORMITY OF PATTERN 


In order that we might be sure our testing technique could read- 
ily be reproduced and give equivalent results by various laboratories, 
ten P-V slabs about 3; inch thick were sent to the following gentle- 
men, one after another: W. F. Towne, metallurgical supervisor, 
Bethlehem Steel Co.; H. J. Stagg, Crucible Steel Co. of America, 
Halecomb Works, Syracuse, N. Y.; R. L. Stephenson, chief metallur- 
gist, Carnegie-Illinois Steel Corp., Duquesne Works; H. B. Cham- 
bers, metallurgical engineer, Atlas Steel Co., Ltd., Welland, Canada ; 
N. H. Barlow, manager, Crucible Steel Co. of America, New York; 
and A. P. Terrile, Crucible Steel Co. of America, Pittsburgh Cru- 
cibile Division, Midland, Pa. 

Each laboratory removed 0.030 inch from one surface of each 
slab and determined the P-V value from a hardness survey as de- 
scribed earlier in this paper, using Rockwell N-30 scale or A scale 
at discretion. Results are summarized in Table IV, from which it 
appears that results for shallow to deep hardening steels are readily 
reproducible at different laboratories, the averages and maximum 
limits reported being as follows: 


rteaaet=—=>=—_—__ Average 
Code Max. Min. Av. for Original Heat 
BH 0.252 0.244 0.247 0.245 
BW 0.317 0.305 0.309 0.309 
CF 0.362 0.348 0.356 0.356 
XO 0.411 0.394 0.400 0.406 
PX 0.464 0.450 0.454 0.456 
Table iV 


Checks by Various Laboratories on P-V Value 


-——Heat Evaluation Tests—, 9 -———————Reetests of Specific Slabs. 


Orig. Test 
of Heat Orig. Re- 
Av./Spread/No. Insp. test Hal- Du- Mid Re 

Tests Spec. Test I-R Beth. Atlas comb quesne land _ test 
Heat No. Max. to Min. No. N-30 N-30 N-30 A N-30 A N-30 I-R 
BH 0.245/0.003/3 B 0.244 0.246 0.246 0.242 0.244 ..... 0.249 
1%-In. Rd. M 0.245 0.252 0.247 0.252 0.251 0.247 .... 
BW 0.209/0.10/3 1 - 0.310 0.311 en” We: 2. 0.316 
1%-In. Rd. 2 = Ree eee eee ceecs OBE | vee 
CF 0.356/0.015/3 1 . 0.357 0.360 0.356 0.350 ..... 0.359 
1%-In. Rd. 2 ” 0.362 0.364 0.352 0.353 0.348 inact 
XO 0.405/0.010/4 2 0.411 0.403 0.397 ee, eR 
1%-In. Rd. 3 0.405 0.398 0.394 0.390 0.400 0.396 
PX 0.456/0.006/4 6 0.452 0.453 0.450 0.460 0.450 0.452 ..... 0.452 
1%-In. Rd. 10 0.458 0.464 0.454f 0.453 0.452 0.457 . eda 


*Routine tests are not usually recorded individually. , 
tAverage three tests axial line, 0.030 inch right and 0.030 inch left of axial line. 











eee 


a 
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The averages reported from the six laboratories check almost 
exactly the gradings originally made for the respective heats by 
Ingersoll-Rand. It is of course true that this is not a verification 
of the entire testing method; it is, however, good proof that various 
laboratories can closely check each other in the necessary survey of 
hardness penetration, and in the accurate determination of a definite 
hardness level. Since each laboratory ground deeper and deeper 
into the specimen, it is also a demonstration that the hardenability 


Table V 
Tests on Two Heats at Various Laboratories 


|| 
iI 


Code BH Code CC 


Quenched Quenched Tested Tested fen. ee 1. Av./Spread*/No. 
at in at with “ests ests 

Phillipsburg 10% brine Phillipsburg N-30 0.257/0.003/3 0.347/0.013/3 
Midland Water Midland N-30° 0.245/0.006/3 0.344/0.009/3 

Phillipsburg N-30 0.253/0.009/3 0.353/0.005/2 
Duquesne Water ee A 0.255/0.005 /3 0.355/0.014/2 

Phillipsburg N-30 0.256/0.013/2 0.344/0.006/3 
Parks Works Water Phillipsburg N-30 0.252/0.003/2 0.341/0.009/3 
Bethlehem 10% brine Bethlehem N-30 0.249 /0.004/3 0.347/0.009/3 

Phillipsburg N-30 0.252/0.007/3 0.345 /0.004/3 


*“Spread”’ means difference between maximum and minimum P-V reported. 


pattern in the test piece is quite constant for a reasonable distance, 
quite sufficient to provide against errors introduced by cutting the 
slab considerably off center. 

Reproducibility of results is better illustrated by the facts pre- 
sented in Table V. We took P-V specimens of two different heats 
of tool steel (Code BH and CC) with full spheroidized, preharden- 
ing structure. They were hardened on the quenching fixture (Fig. 
4) with standardized procedure for the particular type of steel at the 
various laboratories. Half of the specimens were tested at the labo- 
ratory concerned, the balance at the Phillipsburg laboratories of 
Ingersoll-Rand Co. with the results given in Table V. The uni- 
formity is apparent. Arithmetically, it may be expressed as follows: 


Code BH Code CC 

Grand average 0.252 0.347 
Maximum deviation from 

grand average 0.007 0.008 
Minimum deviation from 

grand average 0.005 0.006 
Maximum difference between 

any individual averages 0.012 0.014 


This uniformity of pattern was verified by some definite experi- 
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Table VI 
Effect of Variation of Tests from Axial Line 
Cae Code AC Code MU 
1%4-In. Rounds 1%-In. Rounds 1%-In. Rounds 

Specimen No. 1 

0.030 inch right 0.224 0.337 0.447 

Center 0.224 0.337 0.452 

0.030 inch left 0.225 0.337 0.458 

Average 0.224 0.337 0.452 

Sprea 0.001 0.000 0.011 
Specimen No. 2 

0.030 inch right 0.233 0.335 0.445 

Center 0.230 0.333 0.452 

0.030 inch left 0.234 0.338 0.451 

Average 0.232 0.335 0.446 

Sprea 0.004 0.005 0.007 
Specimen No. 3 

0.030 inch right 0.225 0.342 0.438 

Center 0.228 0.337 0.443 

0.030 inch left 0.224 0.338 0.442 

Average 0.226 0.339 0.441 

Spread 0.004 0.005 0.005 
Average center values and spread 

0.227 /0.006 0.336/0.004 0.449/0.009 

Grand average of P-V values and spread 


0.227/0.008 0.337/0.004 0.446/0.011 


ments. Two types of investigation were made to determine the effect 
of any deviation of the hardness-penetration tests from the true 
axial line. One consisted of supplementing the usual acceptance 
tests of 17 heats of 1.00% carbon tool steel with a second and a third 
row of hardness impressions made 0.030 inch to the right and 0.030 
inch to the left of the axial line. These heats varied in P-V value 
from 0.227 inch to 0.446 inch, thus representing a considerable spread 
in hardenability. Three samples had been prepared from each of the 
heats, in conformity with our usual practice. Results in three of these 
steels, widely varying in hardenability, are given in Table VI, and 
these data are quite indicative of the information from the rest of 
the 17 heats.° 

The second investigation to prove uniformity of conditions in 
the normal test area consisted of surveying-the hardness over a con- 
siderable area near the transition zone of slabs from two heats of 
steel, using N-30 and C scale hardness readings, as well as macro- 
etching.® 

The steels (Code ZE, 1%4-inch round, and PX, 134-inch round) 
had been tested in the usual way and showed an average, determined 
by three samples tested along the axial line with N-30 Rockwell at 
0.015-inch spacing as follows: Heat ZE (average of three tests), 


®Editor’s Note: Complete numerical data, picteemeoke and hardness-penetration curves 
are on file with the original manuscript in the ASM library. 





1947 THE P-V TEST 373 





Fig. 11—Photograph of Slab of Steel PX, Specimen 6, Showing Area Surveyed by 
Rockwell C-Scale Impressions, and Depth of Hardness as Determined by Etching. X 4. 


250 
Average 3 Orig. Tests 300" 
Actual Spread .014", 
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Average 3 Orig.Tests 447° 
Spread O13" 
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500 | 864-PXx-6-15/4'¢ 
I5O 100 O50 ¢ 050 100 I5O 
Fig. 12—Summary of Contours Determined by Hardness 


| j Surveys on Two Slabs, N-30 Tests on Tops, C-Scale Tests on 
| J Bottoms. 


P-V = 0.300 inch, spread 0.014 inch. Heat PX (average of three 
tests), P-V == 0.447 inch, spread 0.013 inch. 

Specimen ZE-3 and specimen PX-6 were retested after removing 
sufficient material to cancel the work hardening effect of the previous 
tests. Each piece was then surveyed with the N-30 Rockwell scale 
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on one side and C Rockwell scale on the other. The C-scale impres- 
sions (shown in Fig. 11) were necessarily much further apart than 
the N-30, the latter being 0.015 inch apart checkerboarding approxi- 
mately the same area. These hardnesses were then plotted on cross 
section paper and a hardness contour drawn for C-55 or N-73 (as 
the case may be). These contour lines were flat for a considerable 
distance on either side of the center, as shown by the composite graph, 
Fig. 12. The original test of specimen ZE-3 was 0.303 inch and this 
survey gave 0.303 inch. The original test of specimen PX-6 was 
0.440 inch and this survey checked 0.440 inch on N-30 Rockwell. 

The summary in Fig. 11 shows that a considerable variation may 
be made on either side of the axial line without affecting the results. 

Another indication of uniformity comes from a study of tests 
on 64 consecutive heats of carbon tool steel bars received by Ingersoll- 
Rand. As is our custom, three bars of each of these were sampled, 
hardened and tested, the P-V value being recorded as an average of 
the three determinations and another figure representing the spread, 
high to low. While the figure for spread is designed to give us some 
idea as to uniformity of the metal, bar to bar, in the heat, still it is 
(in the contrary direction) an indication of uniformity in the testing 
method for appraising metal of first class commercial quality. 

The satisfactory distribution of the spread from minimum to 
maximum of triplicate tests of these 64 heats is shown in the follow- 
ing tabulation: 


Spread Number Per Cent Cumulative 
Inch of Heats of Whole Per Cent 
0.000 l 2 2 
0.001 2 3 5 
0.003 4 6 ll 
0.004 2 3 14 
0.005 6 9 23 
0.006 3 5 28 
0.007 8 13 41 
0.008 7 11 52 
0.009 4 6 58 
0.010 7 11 69 
0.011 l 2 70 
0.012 3 5 75 
0.013 5 8 83 
0.014 4 6 89 
0.015 5 8 97 
0.017 2 3 100 


When these individual values for spread are plotted against 
their respective average P-V values, it is also found that there is 
no concentration of high or low spreads at any particualr harden- 
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ability value. In other words, the entire range of spreads can be 
found in all steels from low hardenability (P-V —0.250 inch) to 
those of high hardenability (P-V = 0.450 inch). 


EFFECT OF DIMENSIONS OF SPECIMEN 


Diameter of Specimen—The effect of diameter of specimen was 
determined on heat PX, 134-inch round. Tests were made on each 
end and from the middle of the bar in the original size, and also after 


machining to 1% and to 1%-inch round. The results are shown 
below : 





1% Inch 1% Inch 134 Inch 
End bar 0.453 0.458 0.448 
Middle bar 0.468 0.452 0.440 
Opposite end 0.462 ___0.458 oe 
Average 0.461 0.456 0.447 
Spread 0.015 0.006 0.013 


It might appear from these tests that the same steel gives a 
higher P-V value if tested as small rounds, but the spread of averages 
(0.461 — 0.447 = 0.014) is no larger than the spread of duplicate 
tests in a single size. 

Length of Specimen—lInfluence of length of wedge-shaped speci- 
men (Fig. 2) was determined on triplicate specimens cut from two 
heats, BH and CC, of medium hardenability. (For chemical composi- 
tions, see Table I.) Lack of time prevented tests on material of 
still higher hardenability, but previous tests had shown that a speci- 
men 1% inches long is satisfactory for the deepest hardening material 
intended to be covered by this test. Detail curves and photographs 
are given in the original paper, but a summary of the average is as 
follows: 


Code BH (16 Inch) Code CC (1% Inch) 


% inch long 0.264 0.375 
% inch long 0.262 0.355 
1% inches long (standard) 0.257 0.347 
13% inches long 0.256 0.351 


Obviously, slight changes from the 1%-inch recommended length 
will cause no aberrations in the results. 

Angle at Chisel Point—Steeper V angles than 90 degrees in- 
crease the depth of penetration but also increase the spread between 
individual tests and make the test specimens liable to crack in the 
hardening operation. The relationship between 90, 60, or 45-degree 
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angle, as determined on heat VY having a P-V value of 0.373 inch 
on a 90-degree standard specimen, is as follows: 

Angle 90° P-V 0.373 

Angle 60° P-V 0.515 

Angle 45° P-V 0.665 

This indicates that of all the dimensional tolerances on the wedge 

specimen the angle of chisel point is the most critical. However, 
the jig shown in Fig. 3 can be very easily constructed so as to hold 
the angle within 1 degree, plus or minus. 


Errect oF HEAT TREATMENT VARIABLES 


Nature of Coolant—Ten per cent brine at 80 to 85F is used 
at Phillipsburg for the quenching fixture shown in Fig. 5. Many 
laboratories use water at other temperatures and it was thought desir- 
able to determine the influence of the temperature of both quenching 
mediums upon the P-V values over a wide range of hardenability. 
Five heats which had been previously tested were selected. Tripli- 
cate samples from three heats were quenched at 60, 80, and 100 F 
in brine. 

Round bars and standard Jominy tests were also quenched, the 
round bars being quenched according to our old standard P-F pro- 
cedure. The Jominy tests were also run according to standard pro- 
cedure and held 20 minutes at temperature. 

Two heats were quenched in fresh water at 55, 80, and 100F, 
the water being taken directly from the hot and cold water spigots 
and mixed in the pipe delivering it to the spray. 

All quenching temperatures were 1450 F and all prehardening 
structures fully spheroidized. The P-V tests were held in the fur- 
nace for 1 hour total time. 

Spacing on the P-V test was 0.015 inch (N-30 Rockwell tests). 
Flats were carefully ground on four sides of the Jominy bar, two 
opposite sides tested with C scale, alternate 35-inch spacing, and two 
remaining sides tested with N-30 Rockwell, 0.015-inch spacing. The 
round bars were surveyed along three radii, 120 degrees apart on 
¥g-inch disks cut from the center of the bar. Estimation of 50% 
martensite was made on all types of bars to C-55 Rockwell or N-73. 

The P-V results show excellent checks on the tests as made 
when the material was originally received, as shown in Table VII. 

It is apparent that brine and fresh water, both at 80 F, will give 
interchangeable results. 
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Table VII 





Comparison of P-V Tests Quenched in Water or Brine 
WF BF VX BI PX 

Size , 1 in. 1% in. 1% in. 1% in. 1% in. 
Original inspection tests : 

Coolant _ - ————— 10% Brine at 80 F —_—__________ 

Average 0.289 0.281 0.370 0.412 0.447 

Spread 0.011 0.007 0.005 0.005 0.013 

Number of tests 4 3 4 3 3 
Retest , 

Coolant 80° brine 80° water 80° brine 80° water 80° brine 

Average 0.284 0.290 0.380 0.416 0.448 

Spread 0.007 0.009 0.007 0.002 0.007 

Number of tests 3 3 3 3 3 


Influence of temperature of brine coolant and correlation be- 
tween Jominy tests and P-V values is given in Table VIII. The 
averages of the P-V tests consistently show a very slight change in 
quenching speed, reducing the penetration of hardening slightly as 
the temperature of the quenching bath is increased. 

The spread between some pairs of results on the Jominy bars 
show that this test does not produce as uniform a cooling rate over 
the entire cross section for the quenched end of the bar as is generally 
supposed. This feature has not been given much attention heretofore 
as the Jominy test has not been utilized for determining the harden- 
ability of shallow hardening steels. The extreme instance is Code 
VX quenched in 10% brine at 80 F. Jominy traverses on the four 
ground surfaces are shown in Fig. 13. For comparison the three 
corresponding P-V plots are also given.’® 

Duration of Quench—The effect of duration of quench of speci- 
men in spray fixture was checked on two heats, PV and UX. These 
heats had an average P-V value of 0.254 and 0.452 inch respectively, 





Table VIII 
Jominy Versus P-V Values 
—_—P-V Value————_, Jominy Depths 
Slab 1 Slab 2 Slab 3 —To C-55—_, r-—To N-73—\ 
Steel WF 
Brine at 60 F 0.297 0.292 0.292 0.123 0.122 0.128 0.130 
Brine at 80 F 0.284 0.288 0.281 0.121 0.121 0.128 0.128 
Brine at 100 F 0.281 0.284 0.278 0.122 0.116 0.109 0.124 
Steel VX 
Brine at 60 F 0.390 0.383 0.381 0.160 0.168 0.169 0.166 
Brine at 80 F 0.382 0.375 0.362 0.167 0.182 0.193 0.198 
Brine at 100 F 0.372 0.368 0.375 0.161 0.161 0.157 0.162 
Steel PX 
Brine at 60 F 0.473 0.462 0.460 way oe wae be snot 
Brine at 80 F 0.447 0.445 0.452 0.197 0.197 0.293 0.210 
Brine at 100 F 0.443 0.440 0.445 0.204 0.202 0.215 0.220 








WEditor’s Note: This selection was made from a set of graphs showing all tests on all 
samples. 
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Fig. 13—Hardness Penetration Curves for Jominy Bar 

(4 Sides) and Three P-V Slabs of Heat VX, Quenched in 

10% Brine at 80 F. 
when allowed to remain on the spray until cold. When heat P-V 
was removed after 30 seconds, the back end was above 300 and below 
350 F, and the average P-V value of triplicate tests was 0.252 inch 
(a drop of 0.002 inch, which is within the limit of accuracy of the 
test). When heat UX was removed after 30 seconds, the tempera- 
ture was slightly higher—above 400 F and below 450 F—due to its 
being an %-inch larger specimen. The P-V value was 0.445 inch, 
a drop of 0.007. 

These tests show that there is no effect upon P-V value, pro- 
vided specimens are left on the spray for 30 seconds as a minimum 
time. 

Transfer Time—The effect of transfer time from furnace to 
fixture, which normally is 4 to 5 seconds, was checked on the same 
two heats. When transfer time was increased to 15 seconds (from 
the time the furnace door was raised until water was turned on) the 
respective P-V values were 0.259 and 0.466 inch, gains of 0.005 and 
0.014 inch. When this time was increased to 30 seconds it was 0.268 
and 0.468 inch, gains of 0.014 and 0.016 inch respectively. These 
figures are the average of triplicate tests and show that P-V value 
slightly increases, provided an abnormal time is taken for transfer. 
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Fig. 14—Influence of Total Time in Furnace on P-V 


Value of Seven Steels of Low to High Hardenability. Analyses 
of heats shown in Table 1. 


It corroborates practical shop experience; the cause of this gain in 
hardness penetration will be made the subject of a later investigation. 

Time in Furnace—Unless otherwise stated, all of the tool steel 
specimens mentioned in this report were hardened from 1450 F with 
1 hour total furnace time. (The furnace is an electric muffle type.) 
These specimens heat through in 15 to 17 minutes, and the surplus 
time at temperature is valuable to produce substantially uniform 
austenite. In these steels grain growth is very slow at 1450 F, never- 
theless the effect of total furnace time upon the P-V value was deter- 
mined on seven heats covering a wide range of hardenability. Results 
are shown in Fig. 14. 

The steels of low hardenability were fairly insensitive to long 
or short soakings in the furnace; the results on the steels of medium 


Table IX 


Effect of Furnace Time on P-V Grading and Uniformity 
of Hardness Pattern on Three Heats of Steel 


Face B 


Time Face B (Retest After 
Code Hr. Face A (Opposite) Removing 0.030 In.) 
PV yy 0.253 0.254 
l 0.253 0.256 
1% 0.262 0.259 
2 0.262 0.261 » Sates 
UZ ’ 0.313 0.320 0.312 
1 0.324 0.328 0.331 
1% 0.332 0.333 0.340 
2 0.338 0.347 0.342 
UX WA 0.422 0.418 seit etd 
1 0.442 0.437 
1% 0.467 0.443 
2 0.452 


0.452 


| 
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Table X 
Sensitivity of P-V Test to Variations in Austenitizing 


Time Above Hardening --P-V Determination—, 


Steel Heating Ac Temperature Average Number of 
Code Medium Min. F In. Range Specimens 
TI * lead 10 1420 0.147 cosas 1 
TI lead 15 1420 0.152 0.004 2 
TI lead 10 1450 0.151 0.009 2 
TI lead 15 1450 0.170 0.007 2 
A67 lead 10 1420 0.144 dcdon l 
A67 lead 15 1420 0.151 at 1 
A67 lead 10 1450 0.145 0.004 2 
A67 lead 15 1450 0.162 0.001 2 
A67 Electric 45 1450 0.198 0.004 2 
Furnace 


Muffle 





and high hardenability illustrate the statement made previously— 
that austenitizing conditions must be standardized for each type of 
steel, or a fictitious hardenability comparison may be shown. 

In connection with these tests on the effect of total furnace time, 
a number of the P-V slabs 3 inch thick were surveyed on opposite 
sides, thereby checking the flatness or uniformity of the hardness 
pattern. Averages of triplicate tests of three heats of low, medium 
and high hardenability are given in Table IX, where the principal 
variable is furnace time. 

Austenitizing—The sensitivity of the P-V test is illustrated by 
tests made on a 1% carbon steel under various conditions of aus- 
tenitizing. It is well known that the time of heating from Ac to the 
hardening temperature has an influence upon the depth of hardening. 
To illustrate—this factor was varied on two steels (Codes TI and 
A-67) of compositions shown in Tahle I. 

P-V test pieces were oil-treated from 1600 F after 40 minutes’ 
soak at temperature, then reheated as indicated in Table X, quenched 
on standard P-V spray, tested with N-30 Rockwell, and P-V value 
stated as distance to N-73 hardness. 

Hardening Temperature—Tool steels do not necessarily increase 
in depth of hardness penetration with increase in hardening tempera- 
ture. For example, two heats of 0.75 to 0.80% carbon steel in 1%4- 
inch round, Codes 1-R-143 and 2-R-143, were heated to 1650 F for 
1 hour, cooled in air, and P-V test pieces cut. One set was quenched 
from 1450 F and the other from 1600 F, 1 hour total furnace time 
for each. Analyses of these heats are given in Table I. 

Steel 1-R-143 from 1450 gave P-V —0.325-inch average for 
three tests with 0.006-inch spread; from 1600, P-V —0.311-inch 
average and 0.005-inch spread. 





i 
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Fig. 15—Hardenability of 108 Heats Calculated 
from Chemical Composition (Bethlehem Formula) 
Versus Actual P-V Value. 
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Fig. 16—Correlation Between Penetration of Hardnes: 
Into Quenched Rounds (3%, 1 and 1%-Inch Diameter) with 


| P-V Values of the Same Heats. 
Steel 2-R-143 from 1450 gave P-V = 0.247-inch average for 
three tests with 0.006-inch spread; from 1600, P-V = 0.235-inch 
average and 0.010-inch spread. 


CORRELATION WitH OTHER TESTS 


Estimations of hardenability are 





Computation of Hardenability 
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Fig. 17—Correlation Between Jominy End-Quench Test and P-V Test, Both 
Performed with Both N-30 and C Scales. 


made from the chemical composition by many methods, more or 
less intricate in nature. One of these was developed by Bethlehem 
Steel Co. and was used to calculate the hardenability of 108 heats 
of a 0.85 to 1.15% carbon steel which had been tested by the P-V 
test. All P-V tests were made from the same prehardening struc- 
ture, austenitizing and hardening conditions. Fig. 15 shows these 
results and indicates that only an approximate hardenability value can 
be obtained by use of this formula. 

Correlation With Quenched Rounds—A very large number of 
heats of steel have been appraised by the P-F test and also by the 
P-V test. We, therefore, have much data on the correlation of hard- 
ness penetration in a quenched round bar with the P-V value. In all 
these comparisons, prior structure, austenite condition, and other 
important factors were equivalent, and optimum for the tests. Hard- 
ness penetration on quenched rounds was determined by cutting the 
bar across, mid-length, smoothing the cross section, etching it with 
50% HCl, and measuring the penetration (depth of darkened case) 
in 64ths of an inch. Correlation for 344, 1 and 1%-inch bars is given 
in Fig. 16. 

Correlation With Jominy End-Quench Test—Some comparisons 
were made in previous paragraphs, when discussing the effect of the 
coolant, on the results of Jominy end-quench tests and P-V tests on 
the same high carbon tool steels. (See Table VIII.) It may be of 
interest to record a similar comparison made with 0.39% carbon 
steel, tested in triplicate by the P-V method and in duplicate by the 
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end-quench method. One side of the P-V specimen was tested on 
the N-30 Rockwell, the other with C scale. The Jominy specimens 
were tested on the opposite sides of the bar with standard ;);-inch 
spacing, starting one side at 3’; inch to provide closer readings. The 
P-V tests were quenched from 1550 F and were practically identical 
with a previous set of triplicate tests quenched from 1450 F. The 
Jominy tests were quenched from 1500 F. 

This steel had the following composition: 0.39% carbon, 0.73% 
manganese, 0.018% phosphorus, 0.048% sulphur, 0.22% silicon— 
thus being high enough in manganese to give it a moderate harden- 
ability. It had been normalized from 1650 F to Brinell hardness 170. 

Fig. 17 shows the results. In both tests the N-30 readings indi- 
cate a slightly higher penetration than the C-scale readings, as has 
doubtless been noticed in other comparative tests previously described 
in this paper 





an effect of the slight error in equivalence of the two 
scales shown 1n Wilson Mfg. Co.’s chart No. 38 (used in our com- 
parisons ). 


CooLING RATES 


Since so much of the practice of hardenability testing and the 
theory of hardenability is based on the conception of cooling rate 
through the Ar,,,, transition, it will be of interest to describe some 
tests we have made with the P-V specimens. Our automatic record- 
ing apparatus’ was quite similar to that described by Greninger in 
TRANSACTIONS, Vol. 30, 1942, p. 8. 

In preliminary work with this apparatus, we calibrated it by 
repeating some work on Jominy bars contained in O.S.R.D. Report 
No. 3743 by Boegehold and Weiuman. Our results for cooling rates 
at 1300 F and for cooling time in seconds from 1350 to 900 F checked 
with O.S.R.D. work quite closely.'* 

The calibration of the P-V tests was made with both %-inch 
double-hole insulators and 24-gage thermocouples and _ ;g-inch 
double-hole insulators and thermocouple wire 0.010-inch diameter for 
¥4-inch length at the hot junction. (See Fig. 18.) A series of seven 
P-V wedges were drilled centrally from the square end, the depth of 
the hole being such that the thermocouple junction was at pro- 
gressively further distances from the chisel edge of the test piece. 
All test pieces were later sectioned and measured with micrometer 


ve Editor’s Note: Photographs and wiring diagram were contained in Mr. Shepherd's 
original manuscript. 


“2Editor’s Note: Complete data submitted, and on file in ASM Library. 
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Fig. 18—Sectioned P-V Test Show 
ing Insertion of Thermocouple Insulators. 
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Fig. 19—Cooling Rates at 1300 F at Various 
Positions in P-V Specimens Below Chisel Edge. 


microscope to determine the actual distance of hole-end from the 
point. The first tests made with the %-inch hole showed that the 
presence of the insulator did not alter the hardness pattern. 

Cooling curves were constructed in this way for a 32% nickel- 
iron alloy, an 18-8 stainless steel (both of which have no transforma- 
tions in the temperature range under investigation ) and two tool steels 
of P-V yalues 0.280 and 0.449 inch respectively. Cooling rates in 
the quenching fixture, in degrees Fahrenheit per second at 1300 F, are 
shown in Fig. 19, wherein each plotted point is an average of from 
two to ten tests. It is seen that the correlation of the results is quite 


good. 
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Fig. 20—Relation Between Cooling Rates at 
1300 F and Cooling Time Between 1350 and 900 F. 


The correlation between cooling rates at 1300 F and cooling time 
in seconds from 1350 to 900 F was taken from cooling curves of the 
32% nickel-iron alloy ; each plotted point is the average of from two 


to ten tests (Fig. 20). 
CONCLUSION 


In conclusion I wish to express my appreciation to George Diehl ; 
the Metallurgical Staff of Ingersoll-Rand Co. (particularly F. J. 
Miller for his patience in making thousands of hardness determina- 
tions) ; Peter Payson of Crucible Steel Co. of America for his stimu- 
lating discussions on this subject; to C. B. Post of Carpenter Steel 
Co. for the 32% nickel-iron used in the calibration tests; R. Sergeson 
of Rotary Electric Steel Co. for heat A-67, and to E. E. Thum of the 
ASM staff for his editorial work on the manuscript herewith 
presented. 


DISCUSSION 


Written Discussion: By G. A. Roberts and H. G. Johnstin, chief metal- 
lurgist and metallurgical engineer respectively, Vanadium-Alloys Steel Co., 
Latrobe, Pa. 

The data presented in Mr. Shepherd’s paper clearly reveal the simplicity 
and reproducibility of the P-V test in determining the hardenability of shallow 
hardening tool steels. The test has been in use in our laboratory for some 
time and has proved itself to satisfy the demand for a sensitive end-quench test 
applicable to those steels with ideal critical diameters under 1 inch. Especially 
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is it applicable to those steels which have ideal critical diameters between % and 
¥% inch. The correlation of cooling rates with the distance from the apex of the 
V permits practical interpretation of the test results on the basis of more 
complicated commercially important shapes. 

It should be pointed out that for the steels which have P-V distances of 
less than 0.300 inch, an acceptable determination of the hardenability can be 
made by measuring the distance from the apex of the V to the end of the darkly 
etched zone and that for routine work the test is applicable without resorting 
to the somewhat more time-consuming hardness determinations. For the deeper 
hardening grades where the gradation between the hardened case and the 
unhardened core is not so sharp the accuracy of the hardenability rating obtained 
by etching may be somewhat less than that obtained by taking hardness readings 
along the sample. 

For those laboratories who have been forced to determine hardenability on 
different sized disks or different sized rounds for each and every heat manu- 
factured, the P-V test yielding the same results with only one sample is a 
welcome addition to our hardenability testing techniques. 

Written Discussion: By W.H. McCormick, chief metallurgist, Crucible 
Steel Company of America, Park Works, Pittsburgh. 

Mr. Shepherd is to be complimented on the development of a very practical 
test for the determination of hardenability in shallow hardening steels. He has 
demonstrated very clearly that the test he has devised is not only reproducible 
in his own laboratory but also may be used with accuracy by anyone having a 
minimum of laboratory equipment. To illustrate its practicability, we would 
like to describe a test which we have used in our laboratory for a number of 
years. This test was developed in conjunction with the Crescent Tool Company 
in co-operation with their metallurgist, J. P. Whalen, and has been used to 
evaluate hundreds of tons of shallow hardening steel. In describing the require- 
ments for a test for shallow hardening steels, Mr. Shepherd points out that it 
must have sensitivity, accuracy, interchangeability and must be relatively 
inexpensive. The test we have employed meets most of these requirements, but 
certainly does not approach the accuracy of the P-V test. 

Our test is a simple chisel-type test which is made by forging a 34-inch 
round bar to a chisel shape with a 15-degree taper. This sample is normalized 
to provide a uniform prior structure, then ground to remove surface bark. It 
is then heated in a lead pot to a distance of at least 1 inch beyond the taper. 
It is then quenched, sectioned longitudinally, ground and etched. The samples 
are rated by measuring the distance from the point to the end of the martensite 
zone. Mr. Shepherd has pointed out particularly that the variable in his test 
which will produce the greatest error is the angle of the specimen. It is to be 
noted, in the simple chisel-type test which we have described, that no unusual 
precaution is taken to insure that the angle is exactly 15 degrees. Over a period 
of years, however, we have found that it is entirely possible to rate heats using 
this method and to set up specifications based on minimum and maximum length 
of the martensite zone. Obviously, Mr. Shepherd has shown that with his P-V 
test these shallow hardening steels can now be rated precisely. 

It has been our experience that attempts have been made frequently to 
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utilize the standard P-F test for the determination of the hardenability of 
shallow hardening steels to a more precise degree than was originally contem- 
plated when this test was developed. The original test was designed to measure 
the case rather approximately by means of an inclined scale, including as the 
hardened zone only the depth of the dark-etching constituent. This zone may of 
course be determined more accurately by polishing, etching and measuring under 
the microscope from the 50% martensite zone. When this is done it is quite 
obvious that errors in measurement are quite significant because of the relatively 
narrow martensite zone. The P-V test, however, magnifies the martensite zone 
and thus decreases the magnitude of error. 

As stated previously, we believe the P-V test is entirely practical and 
reproducible in the average laboratory. We see no reason why it cannot be 
used by any laboratory technician, and predict that in a very short while it will 
become just as popular as the standard Jominy test. 

Written Discussion: By D. W. Kaufmann, metallurgist, Halcomb Works, 
Crucible Steel Company of America, Syracuse, N. Y. 

The author of this paper is to be congratulated for providing us once again 
with a test which no doubt will be as widely adopted as his P-F test. One of 
the outstanding characteristics of Mr. Shepherd’s work is the truly scientific 
manner in which it is conducted. It is evident from this paper that every 
phase of the P-V test has been investigated with extreme care in order to 
eliminate all possibility of error due to mechanical variables. While Howard J. 
Stagg has maintained most of our contact with this development in the past two 
years, the writer had the pleasure of discussing the program with the author in 
his laboratory some time ago and can report that every minute detail had been 
checked and rechecked many times to insure the accuracy of this method of 
determining the hardenability of shallow hardening steels. 

We naturally were interested in this test, as we are vitally concerned with 
any method of improving the control of quality in steel, and immediately 
adopted the P-V test on a trial basis in our laboratory. The standard Jominy 
end-quench test has been our tool for controlling the deeper hardening steels 
since the time of its development, and we have used the P-F and the Shepherd 
slab tests for many years for the shallow hardening steels. However, the latter 
tests require a highly skilled technician and even at best the results are not 
sufficiently reproducible when one deals with the grades which are just a little 
too shallow hardening for accurate Jominy determinations. 

As a result of the author’s clear instructions, the machining of the P-V 
quenching fixture from Rezistal 303 in our laboratory machine shop presented 
no difficulties. While we could have made the special fixture for the Rockwell 
machine also, we followed the author’s advice and purchased it. The prepara- 
tion of the test samples was a simple matter and we are now conducting P-V 
tests on carbon tool steel on a routine basis. 

While we undoubtedly will continue to determine the fracture grain size 
of tool steel by the P-F procedure, the indications are that the P-V test will 
supplement that method for determining the hardenability of the carbon and 
relatively shallow hardening low alloy tool steels. 

As a matter of interest, since the author was careful to correlate the P-V 
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Fig. A—P-V Hardenability Tests. Knoop hardness curves. 


values as measured by several of the various methods of hardness testing, we 
investigated a few samples using the Tukon hardness testing equipment. P-V 
specimens 4A67-5610, BC-2 and PX-1 were polished for microscopic examination, 
care being exercised to maintain a fiat surface with sharp corners. These were 
tested with a load of 1000 grams and the impressions measured with a 10.25- 
millimeter objective lens. Determinations were made every 0.050 inch from 
the vertex except in the region of the case-core junction where the readings 
were taken every 0.010 inch. The resulting P-V curves are shown in Fig. A. 
Converting 650 Knoop to Rockwell C-55, the P-V values of the three samples 
determined in this manner as compared to the author’s results are as follows: 


Code LR. Tukon 
4A67-5610 0.162 0.163 
BC-2 0.256 0.253 
PX-1 0.456 0.440 


It will be noted that the curve for PX-1 is not smooth. This is due to the more 
gradual transition from case to core in the deeper hardening heats with the 
result that the very small Tukon impressions are affected by the mixture of nard 
and soft areas. If a smooth curve is drawn through the points in the trans- 
formation zone for this steel the resulting 0.450 P-V value checks more closely 
with the author’s results. 
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Fig. B illustrates the Tukon impressions in the first specimen after a 
metallographic etch. As expected, the P-V distance (650 Knoop) corresponds 
to the structure of approximately 50% martensite. 

The foregoing data are of an academic nature, as the Tukon instrument 
normally would not be used in P-V testing. However, it adds one more 
confirmation of results to the already comprehensive coverage of possibilities. 

It would appear that the author has added another valuable means of 
improving the quality standards of steel and we expect that the P-V test will 
assume its place among the guardians of uniformity for the tool steel industry. 

Written Discussion: By S. C. Spalding, metallurgical engineer, The 
American Brass Co., Waterbury, Conn. 

We have read with interest Mr. Shepherd’s paper outlining the use of the 
P-V test to determine the hardenability of shallow hardening steels. We find 
here described a new tool for the determination of the depth hardening charac- 
teristics of steels quenched from an austenitized state. We have other tools for 
this same purpose but the one described here is relatively simple and inexpensive 
in preparation and use. The author has gone to considerable length to show the 
reproducibility and correlation with other hardenability tests and, although 
it is not claimed that any new properties are revealed by it, it seems to cor- 
relate well with other tests and by its simplicity perhaps extend the scope of 
such testing. 

A point of interest was the showing of this test on the effect of delayed 
quenching. Under the heading “Transfer Time” the author has indicated that 
delaying the quench by holding the piece after removing from the furnace 
increases the penetration. The usual recommendations for hardening call for 
quenching on a rising or stationary heat. This data would indicate that harden- 
ability could be increased by quenching on a falling heat. We believe this point 
is well worth the further investigation the author indicates will be made. 

We are also interested in the indications of the test as shown in Fig. 14, 
that increased soaking time increases hardenability in most all cases shown. 
This causes us to wonder about some of the recommendations put out by the 
trade to quench on a rising heat and particularly not to soak. 

In the section on effect of hardening temperature, the test results show 
that penetration of hardness decreases with increasing hardening temperature. 
This, we believe, is contrary to general knowledge and deserves some further 
explanation by the author. 

The author is to be congratulated on the development of the new test method 
and in the very thorough way in which its possibilities and accuracies have 
been determined. We look forward to further papers from the author on this 
most interesting subject. 

Written Discussion: By Henry Wysor, metallurgical engineer, Bethlehem 
Steel Co., Bethlehem, Pa. 

Mr. Shepherd not only knows how to get around mechanical difficulties 
but he can elucidate a perplexing subject in a most understandable way. With 
the exhaustive work that has been done in developing the Jominy test for deep 
hardening steels, and now with this demonstration before us of a precision 
method for testing carbon steels, we are pretty well convinced that the end- 
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quench principle, as exemplified by these two methods of testing, is the best 
that has thus far been advanced. 

After looking at the technique of the P-V test and the tabulations, much 
of which is here presented, it is difficult to offer anything but commendation for 
this work. However, believing as I do that the P-V test offers much wider 
adaptability than it now enjoys and having in mind particularly its use in steels 
of lower carbon range, I think the test piece should not be cut from the axis of 
the specimen. In the high carbon steels that Mr. Shepherd is using and in 
consideration of the manufacturing practice, he gets very little effect from 
segregation. With steels of lower carbon content, and rolled from large 
ingots, segregation would undoubtedly be more of a factor and it would be the 
part of wisdom to follow standard procedure in principle by cutting the test 
piece from midway between the central axis and the surface. 

Written Discussion: By A. P. Terrile, Metallurgical Department, C-ucible 
Steel Company of America, Pittsburgh Crucible Division, Midland, Pa. 

Mr. Shepherd is to be congratulated for this excellent contribution to 
hardenability and hardenability testing. 

Many tests have been devised to evaluate the hardenability of shallow 
hardening steels, but none in our opinion approach the practical utility of the 
P-V test. 

We have been fortunate in having been in contact with the development 
of the P-V hardenability test, and therefore fully appreciate the painstaking 
detail with which Mr. Shepherd covered and developed every phase of the P-V 
test method. Various types of specimens with different sizes and angle tapers 
were experimented with before it was decided to select the present 14-inch 
round, 90-degree taper specimen. Various types of spray design and different 
size and spacing of holes were tried before the present type of slots and fixture 
was employed. 

This careful research resulted in close reproducibility of hardenability test 
values. Reproducibility of results is one of the most important factors when 
considering the use of any laboratory test, particularly when a commercial 
application of heats is involved. 

We have for more than a year been successfully using the P-V test in 
collaboration with the Ingersoll-Rand laboratory for the application of high 
carbon heats which must meet Jack Bit hardenability requirements. 

The importance of prior structure and its effect on hardenability values is 
no doubt familiar to most metallurgists. 

In order to illustrate the effect of two pronounced differences in prior 
structure on P-V hardenability, the following experiment was conducted : 

Two high carbon shallow hardening steels, one very shallow hardening 
and one considerably deeper hardening as judged from previous P-V tests, 
were selected. 

Representative forged 14-inch rounds from each heat were oil-quenched 
from 1600 F (870C) for the series covering a fine pearlite-type structure, 
and another group were annealed in such manner as to develop a thoroughly 
spheroidized prior structure. P-V hardenability was run from a quenching 
temperature of 1450 F (790C). Time at austenitizing temperature was varied 
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Fig. C—Prior Structure Effect on P-V Values. 


from 15 minutes to 2 hours to determine whether or not the prior structure 
effect would be minimized or possibly eliminated. Table A shows the com- 
parative P-V values obtained on the steels. The prior structure effect is shown 
clearly by the graphs, Fig. C. 

In both steels, a consistently deeper penetration was obtained hardening from 
the spheroidized prior structure. 

The deeper hardening heat showed the increase in penetration more pro- 
nounced at the 14-hour and 2-hour holding times at 1450F (790C). The 
more shallow hardening heat was opposite in this effect, the greater increase in 
penetration showing uniformly from the 15-minute holding time to 1 hour and 
then decreasing to the same degree at 1% to 2 hours. 


Table A 
P-V Prior Structural Fxperiment 





P-V Hardenability Quench-——1450 F 
Held at Temperature as Shown 


Average of 2 Sides of Specimen P-V 
Prior Structure 15 Min. 30 Min. 1 Hr. 1% Hr. 2Hr. Increase 
Quench in oil 1600 F. 
Fine pearlite. 0.191 0.193 0.197 0.205 0.205 0.014 
Spheroidized—1400 F. 
Furnace-cooled. 0.222 0.222 0.227 0.226 0.226 0.004 
Increased penetration. 
Spheroidized structure. 0.031 0.029 0.030 0.021 0.021 
Code t Mn Si Ni Cr Mo 
A 1.00 0.21 0.19 0.14 0.07 0.01 
Quench in oil 1600 F. 
Fine pearlite 0.331 0.349 0.364 0.367 0.367 9.036 
Spheroidized—1400 F. 
Furnace-cooled 0.348 0.367 0.382 0.391 0.391 0.053 
Increased penetration. 
Spheroidized structure. 0.017 0.018 6.018 0.024 0.024 
Code Cc Mn Si Ni Mo 


Cr 
B 0.96 0.46 0.39 0.09 0.11 0.01 
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The fine pearlitic type prior structure of the more shallow hardening steel 
resulted in 0.014 inch deeper penetration at 2 hours as compared to the 15- 
minute holding time before quenching. 

The spheroidized prior structure of this heat showed only negligible change 
in penetration as time at temperature was increased. 

Time at temperature showed more increased penetration for the deeper 
hardening heat, the greatest increase occurring with the spheroidized prior 
structure. 

No attempt at this time will be made to explain the differences in harden- 
ability shown. 

The experiment serves to show the accuracy and sensitivity of the P-V 
method in evaluating even slight differences in hardenability and also indicates 
the reproducibility and consistency of results obtained. 

Written Discussion: By G. V. Luerssen, assistant chief metallurgist, The 
Carpenter Steel Co., Reading, Pa. 

The details of the P-V test are so thoroughly and capably covered in this 
paper that Mr. Shepherd leaves little room for constructive criticism on the 
test itself. 

Mr. Shepherd is to be commended on another of a long list of fine contri- 
butions to the technology of hardenability testing of shallow hardening steels. 
The paper is particularly welcome as it indicates a continuation of the trend 
away from purely empirical tests toward those yielding specific hardenability 
values. This is of considerable importance to the tool steel manufacturer, who 
is confronted with various specifications embodying hardenability. In order to 
meet these successfully it has become necessary for him to adopt, for the 
control of his product, a test which yields a specific hardenability value expressed 
in terms of critical cooling velocity, which value can then be correlated with the 
various empirical tests. 

In our own plant we have used routinely for several years the cone test 
developed by Greene and Post, and for purposes of comparison it would be 
extremely interesting to have determinations of specific hardenability made by 
both the P-V test and the cone test on the same steel. 

Written Discussion: By P. Payson, Research Laboratory, Crucible Steel 
Company of America, Newark, N. J. 

It is probable that no testing technique for use in the steel industry was 
ever introduced with the thoroughness with which Mr. Shepherd presents his 
P-V test. Throughout his paper it is evident that he constantly had in mind 
the problems that might be encountered by those who would wish to use the 
test. He gives in full detail the preparation of the wedge-shaped test piece, the 
design of the quenching fixture, the procedure for sectioning the test piece after 
it has been hardened, and the description of the device for making the accurate 
hardness survey of the sectioned test piece. In all these the practicability of the 
test is emphasized. But the author has also given thought to all the metallurgical 
factors that may affect the reproducibility of the results—the dimensions of the 
test piece; the quenching medium, whether water or brine, or cold or warm; 
the temperature and time for austenitizing the test piece; the transfer time from 
furnace to quenching fixture; and the possible effect of tempering during the 
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sectioning of the test piece on the hardness of the steel at the critical zone. 
Finally, Mr. Shepherd measured the cooling of different positions of the wedge 
test piece during the quench so that data would be available for comparison 
with other methods of quenching steel. 

Mr. Shepherd’s name has for many years been associated with the most 
widely accepted tests for establishing the hardenability of shallow hardening 
steels. If he has seen fit to devise a new procedure which in his opinion is” 
superior to the test methods which he himself developed, it seems safe to con- 
clude that the Shepherd P-V test will rapidly replace the Shepherd P-F test 
which has been used in the steel industry for over 10 years. 

I think it would be helpful if the author presented the cooling curves for 
the significant positions in the wedge test pieces during the quench. In my 
opinion the time to cool from about 1200 to 800 F (650 to 425C) is of more 
significance in the hardening of shallow hardening steels than the cooling rates 
at 1300 and 1000 F (705 and 540C). 

Finally, I would like the author to elaborate, if he will, on the two inter- 
esting facts which his very sensitive P-V test has disclosed, namely, the increase 
in hardenability with increased delay between the removal of the test pieces 
from the furnace and the start of the quench; and the decrease in hardenability 
with increase in austenitizing temperature from 1450 to 1600 F (790 to 870C). 
Both of these, and particularly the latter, seem paradoxical. 


Author's Reply 


The interest exhibited by the discussions of this paper is much appreciated. 

Messrs. Roberts and Johnstin are correct that a measure of hardenability 
may be made by etching the P-V slab. We find, however, that instead of being 
“time consuming”, determination by hardness tests is quicker than the total time 
required to heat acid, etch, wash and measure. The etching time variable is 
eliminated and a more consistent and precise result obtained. 

Etching is not very satisfactory on shallow hardening steels which are not 
tool steels. The P-V test is intended to cover these materials. There is, 
necessarily, an overlap between the P-V test used for shallow hardening steels 
and the Jominy test used for medium and deep hardening steels where either 
test would satisfactorily measure hardenability. 

Mr. McCormick has shown a practical utilization of the increase in depth 
of hardening obtained on a simple chisel test to determine hardenability which has 
been in use for years. 

Present usage of hardenability seems to demand more precise measure- 
ments of this characteristic. The P-V test makes no claim to originality of 
design. The influence of most of the factors influencing such a test has been 
investigated. The utilization of a spray fixture and hardness surveying stage 
permits the measure of hardenability to take place under uniform conditions. 

The test is also attractive as a means of study of the metallographic struc- 
tures occurring as a result of different cooling rates, austenitizing conditions, 
etc., due to the compactness of the specimen. 

The additional information provided by Mr. Kaufmann on use of the Tukon 
tester in determining P-V value is very interesting and valuable. Hardness 
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tests cover a small area and are necessarily influenced by “segregation” or 
“fiber”. A close look at the case and core junction of a tool steel will show 
that minute segregation exists even in these high quality materials. If present 
to an abnormal degree it will result in a jagged P-V curve as shown by Mr. 
Kaufmann. When such a condition is found, we merely shift the specimen 
0.015 to 0.030 inch right and left of the axial line and make two more hardness 
surveys. This is easily done on the stage. The variation of these read‘ngs is 
used to indicate degree of “fiber” in the steel. 

Mr. Spalding’s comment that “. . . . its simplicity perhaps extend the scope 
of such testing” is particularly appreciated. 

I do not as yet have complete data to answer the questions regarding trans- 
fer time and temperature but offer the following. 

First, the general usage of cooling rate at 1300 F (705(C) as a criterion of 
hardenability is subject to criticism. Cooling rates at 1300 F (705C) give a 
general indication of the cooling time in the temperature range where trans- 
formation is most likely to occur. 

The S-curve shows the tendency to transform at constant temperature but 
commercial quenches involve continuously changing temperatures. 

If carbon tool steels are cooled to 800 F without transformation, they will 
not transform until the Ms temperature is reached. The cooling time from a 
temperature at which they are austenitic, i.ec., 1300 F (705 C), to a temperature 
below which transformation products will not form (under commercial quench- 
ing conditions), i.e., 800 F (425 C), is a much better criterion of the amount of 
breakdown of austenite to transformation products or stability of the austenite. 

Let us examine the effect of delaying the quench on two P-V specimens of 
1% carbon steel having a P-V value of 0.347 inch, maintaining, of course, the 
same prehardening structure and austenitizing conditions. Thermocouples are 
inserted in each specimen along the axial line. One spécimen, No. 21, is held 
in air until 3 seconds before quenching. 


Time Furnace Distance 
Door Opento Thermocouple Cooling Rate Cooling Time 
Water On from Point at 1300 F 1300 to 800 F 
Specimen sec. inch degrees sec. 
14-B 12.6 0.352 210 4.55 
21 29.4 0.349 200 3.60 


The lower cooling time in the 1300 to 800 F region gives less time for the 
austenite to transform and offers a tentative explanation of the increased depth 
of hardening obtained by a delayed quench. 

As long as soaking does not increase the grain size or decarburize the 
surface what harm can result? Any soaking has tendency to increase the 
homogeneity of the austenite. Trade recommendations follow the same story 
year after year and are, of course, governed by general trade conditions. 

The statement is often made that quenching temperatures do not affect 
the cooling rate at 1300F. The cooling time, 1300 to 800F, is, however, 
definitely affected and as shown previously, this time is the real criterion in 
affecting breakdown of the austenite. Samples of an 0.80% carbon steel were 
quenched in duplicate from 1450 and 1600 F, one of each pair containing a 
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thermocouple, same prehardening structure and austenitizing conditions 
maintained. 


Quench Thermocouple Rate at Time P-V Value 

Temp. Dist. from Point 1300 F 1300 to 800 F to 73 (N-30) 
F inch degrees sec. inch 
1450 0.296 308 2.35 0.297 
1600 0.304 320 2.70 0.279 


The greater cooling time of the 1600 F (870C) quench in the 1300 to 
800 F (705 to 425C) range gives the time necessary for a little more trans- 
formation than 1450 F (790 C) quench even though the rate at 1300 F (705 C) 
is slightly greater at a distance slightly further from the point. 

The samples were equally free from residual carbides and had about the 
Same grain size. 

Further work is under way and indicates that the cooling time 1300 to 
800 F (705 to 425C) for the same cooling rate varies according to the shape 
of the piece. 

Mr. Wysor raises a point that should be continually borne in mind in any 
test—tensile, hardness, chemical, etc.—i.e., the test specimen must be representa- 
tive of the piece. An inspection should be made for segregation by conventional 
methods and the test specimen located accordingly. 

Mr. Terrile has shown the importance of controlling the prehardening 
structure and austenitizing conditions. These factors must be continually 
emphasized. His data show the sensitivity and accuracy of the P-V method. 

Mr. Luerssen’s specialized experience in hardenability testing makes his 
comments welcome. The cone test has been used in our laboratory since its 
initiation but is limited to the shallowest hardening steels. It was discarded for 
routine testing on account of the tremendous amount of grinding required and 
the fact that duplicate tests require an additional cone, i.e., hardness tests are 
made only along the center axis. 

We hardened a cone specimen from a heat of 1% carbon steel having an 
average P-V value of 0.347 inch and checked this by means of the hardness 
tests and the magnetic method of Post. 


Critical Cooling Velocity 





Hardenability value—P-V method 0.347 inch or 210°/sec. at 1300 F 
Cone Method—Equivalent Cone Tip 0.810 inch or 136°/sec. at 1300 F 
Cone Method—Magnetic Determination* 170/175°/sec. at 1300 F 


We found that decreasing the angle of the P-V specimen which made it 
approach the angle of the Carpenter cone test was undesirable. The length of 
specimen was increased without any gain in sensitivity or accuracy. In fact, 
the effect of minute segregation present in even high grade steel resulted in a 
very jagged hardness vs. depth curve. 

Mr. Payson’s request for cooling curves will be met by incorporating this 
data in a new paper. This will also prove Mr. Payson’s point, i.e., the cooling 
time is the controlling factor and more significant than rate. This time, however, 
should be taken from a top point at which the steel is still completely austenitic, 


* Made by courtesy of Carpenter Steel Company. 
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i.e., 1300 F (705C). Cooling has gained momentum at this point so that it is 
not affected by the variations in time which occur above this temperature, i.e., 
removal from furnace, etc. At 1200 F (650C) transformation may be in 
progress and will affect the cooling time. On carbon shallow hardening steels 
1300 to 800 F (705 to 425C) is a satisfactory range but on alloy steels some 
lower temperature will be more satisfactory. 


The final questions have been dealt with earlier in this discussion. 





THE EFFECT OF MANGANESE ON THE PROPERTIES 
OF CAST CARBON AND CARBON-MOLYBDENUM 
STEELS 


3y N. A. ZiecLer, W. L. MEINHART AND J. R. GOLDSMITH 


Abstract 


The results of an investigation on the effect of man- 
ganese on thermal characteristics, microstructures, physical 
properties and weldability of “plain carbon” and carbon- 
molybdenum cast steels are presented. 

Increasing the manganese content of these steels de- 
velops a gradual increase in the thermal sluggishness and 
hardenability which is less pronounced than that occurring 
with molybdenum or nickel additions to chromium steels. 
Complete suppression of the transformations on relatively 
slow cooling and marked air hardening are not produced 
until manganese 1s raised to about 2%. In this regard, man- 
ganese has the greatest effect on the “carbon-molybdenum” 
and “higher” carbon steels. 

Raising the manganese content to about 1.5% in “plain 
carbon” and to about 1.0% in carbon-molybdenum steels 
increased the tensile strength approximately 20% as com- 
pared with similar steels containing about 0.5% manganese. 
A small decrease in ductility likewise occurred. However, 
these steels with the above manganese additions developed 
almost the highest impact resistance of the group tested. 

Experiments performed on the welding of these steels 
indicate that no difficulties should be encountered, provided 
the manganese content does not exceed about 2%. 


INTRODUCTION 


N one of our previous publications (1)* it was pointed out that 


f 
7 


manganese in amounts of over 1% has some effect on the physical 
properties, thermal characteristics, hardenability and weldability of 
cast carbon and carbon-molybdenum steels. The bibliography at the 
end of this paper is a testimony of considerable work done and informa- 


___*The figures appearing in parentheses pertain to the bibliography appended to this paper. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, N. A. 
Ziegler is research metallurgist, W. L. Meinhart is assistant research metal- 
lurgist, and J. R. Goldsmith is metallurgical engineer in charge of Research 
Foundry, Crane Company, Chicago. Manuscript received June 20, 1946. 

398 








1947 CAST CARBON-MOLYBDENUM STEELS 399 


tion accumulated on the effect of manganese on various properties of 
different types of steels. As is well known, a certain amount of man- 
ganese is added to all steels for deoxidizing or general scavenging 
functions, and for neutralizing the harmful effects of sulphur. There 
also are several grades of steels known to which manganese is added 
as an alloying element and which, therefore, are classified as “man- 
ganese”’ steels. 

However, it was believed desirable to obtain additional information 
which would determine more closely the dividing line between “plain 
carbon” or “carbon-molybdenum” and a so-called “manganese” steel. 
Likewise, some systematic studies on the variation in different physical 
properties as a function of manganese content were also wanted. All 
this was particularly true regarding cast and heat treated steels. 


EXPERIMENTAL PROCEDURE 


The selected line of approach to this problem was very much the 
same as that used in studying the effect of copper on the same types of 
steels, described in one of our previous publications (1). 

A series of experimental melts was prepared in a 200-pound, high- 
frequency induction furnace, using low carbon steel scrap as raw 
material and conventional melting and deoxidizing technique. Each 
heat was killed by an addition of about 2 pounds of aluminum per ton, 
tapped into a 250-pound capacity ladle, and cast into keel coupon 
blocks, using green sand molds. This series of steels is divided into two 
groups: (a) “plain carbon” (Table 1), and (b) “carbon-0.5% molyb- 
denum” (Table II). Each group is subdivided into three subgroups: 
(a) steels containing under 0.1% carbon, (b) steels containing about 
0.15% carbon, and (c) steels containing about 0.30% carbon. Each 
subgroup consists of eight or more steels with manganese ranging be- 
tween about 0.5 and 4.0%.? 

Each coupon block was sectioned into convenient blanks and heat 
treated by normalizing from 1700 F (925 C). The normalized blanks 
from each heat were divided into two groups, one of which was drawn 
at 1200 F (650C) and the other at 1250 F (675 C).* Blanks thus 
treated were subjected to tensile,* Brinell hardness, and Charpy impact 
testing.® The latter test was performed at (a) room temperature and 


*Some of these compositions, marked with an asterisk in Tables I and II, were cast in 
coupon blocks and “‘welding plates’’. The latter were used for performing welding experiments. 


%As may be noted from Tables I and II, some of the compositions were subjected to only 
one drawing treatment. 


*Standard 0.505-inch diameter, 2-inch gage test bar. 
®Standard Charpy test bar with a keyhole notch. 
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(b) —25 F (—32 C). Most of the compositions were also subjected to 
thermal analysis, using a dilatometer. Test data thus accumulated are 
presented in Table I for “plain carbon”, and in Table II for “carbon- 
molybdenum” ‘steels, together with the chemical analysis of each heat. 
Figures representing physical data (Tables I and II) were averaged 
from at least two or more tests.® 

The contents of silicon, sulphur and phosphorus in Table I, and 
of the same elements with the addition of molybdenum in Table II, are 
reasonably uniform in all steels, even though silicon, in some cases, is 
present in amounts slightly higher than the specified maximum of 
0.45%. Chromium, in some instances, is present in amounts as high as 
about 0.25%. Nickel, in one case (Serial No. 44, Table II), is present 
in the amount of 1.17%. There also is some nonuniformity in the carbon 
content, and overlapping from one subgroup to another. Nevertheless, 
in spite of these incidental interferences, it was felt that the compo- 
sitional uniformity was sufficient to warrant systematic studies of the 
effect of manganese which, as has been pointed out, ranged within each 
subgroup between about 0.5 and 4.0%. 


THERMAL ANALYSIS AND MICROEXAMINATION 


Most of the compositions presented in Tables I and II were sub- 
jected to thermal analysis using a self-recording differential dilatometer. 
In each case, a specimen (50 millimeters long and 4 millimeters in 
diameter) was heated in vacuum to 1000 C (1830 F) in 2 hours, and 
then cooled to room temperature (a) in 5 hours (an average rate of 
3.2 C per minute, or 5.8 F per minute) and (b) “in air” (an average 
rate of 50C per minute or 90 F per minute). Each composition was 
thus subjected to thermal analysis by cooling two specimens from 
1000 C (1830 F), one at a slow and the other at a more rapid rate. The 
results thus obtained on the two groups of “plain carbon” (Table 1) 
and “carbon-molybdenum” (Table II) steels are presented in Figs. 1, 
2, 3 and 4. The chemical analysis and the final Vickers hardness are 
given adjacent to each curve. Figs. 1 and 2 are reproductions of the 
dilatometer curves obtained with “plain carbon”, and Figs. 3 and 4, 
those obtained with “carbon-molybdenum” steels. Moreover, Figs. 1 
and 3 illustrate the slow cooling rate (3.2 C per minute or 5.8 F per 
minute), and Figs. 2 and 4, the more rapid cooling (50 C per minute 
ane afiations in test results represented by each average figure (Tables I and II) come 


within normal limits of experimental error, with the exception of steels containing over 3% 
manganese, which came out somewhat porous and unsound. 
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or 90F per minute). In each figure, the curves are arranged into 
three subgroups: those representing (a) steels containing 0.04 to 
0.08% carbon, (b) steels containing 0.10 to 0.16% carbon, and (c) 
steels containing 0.25 to 0.32% carbon. Within each subgroup, they 
represent steels with the manganese content progressively increasing 
from about 0.5 to 4.0%. It may be noted that within each subgroup 
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Fig. 2—Thermal Cooling Curves of Carbon-Manganese Steel (Rapid Cooling 
Rate). 


the steel with the lowest manganese is represented by a complete 
dilatometer curve with heating as well as cooling branches. The re- 
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Fig. 3—Thermal Cooling Curves of Carbon-Manganese-Molybdenum Steels 
(Slow Cooling Rate). 


mainder (for the sake of space economy ) have only the cooling branches 
reproduced. It should be mentioned, however, that increasing man- 
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ganese has a tendency to suppress the transformation on heating to 
somewhat lower temperatures and to spread it over a wider range. All 
of these curves are tracings of the original photographically recorded 
dilatometer curves. Every dilatometer specimen, after the run, was 
tested for Vickers hardness and microexamined. Some of the photo- 
micrographs of the resultant structures are presented in Figs. 5 to 
14, inclusive. 

In general, these results check with our previous observations (1), 
(2), (3); namely, that on uniform cooling from the austenitic state, 
transformations occur at either relatively high or low temperatures, 
resulting in ferrito-pearlitic structures for the former, and martensito- 
bainitic structures for the latter. In the case of chromium-molybdenum 
(2) and chromium-nickel-molybdenum (3) steels, these two trans- 
formation temperature ranges are separated by a “neutral” range 
from about 450 to 650 C (840 to 1200 F), where transformations are 
extremely slow. In the present group of steels, there does not appear 
to be any such “neutral” temperature range. 

“Plain Carbon” Group—lIn the “plain carbon” group (Figs. 1 
and 2), increasing manganese content above about 1.5% increases the 
thermal sluggishness. Up to about 2.0% manganese, however, this 
increase in the thermal sluggishness is quite gradual and still results 
in at least a partial pearlitic transformation. With still further increase 
in manganese, the transformation is completely suppressed resulting 
in martensito-bainitic structures. This seems to be independent of the 
carbon content and is true for the slow (Fig. 1) as well as for the more 
rapid (Fig. 2) cooling rates. 

For example, Fig. 5 illustrates the structure of steel, Serial No. 5, 
containing 0.06% carbon and 1.27% manganese, cooled at the slow 
rate. No suppressed transformations are recorded on the cooling curve 
(Fig. 1), and the resultant structure is composed of ferrite and pearlite. 

Fig. 6 is the microstructure of Serial No. 6, containing 0.08% 
carbon and 1.70% manganese, cooled at the slow rate. The transforma- 
tion (Fig. 1) is split and the resultant structure shows a certain amount 
of upper bainite. 

Fig. 7 illustrates the microstructure of Serial No. 8, containing 
0.08% carbon and 2.95% manganese, cooled at a rapid rate, when trans- 
formation (Fig. 2) is suppgessed, and is composed of bainite. 

Passing over to the steels with intermediate carbon, Fig. 8 is the 
microstructure of Serial No. 15, containing 0.15% carbon and 2.27% 
manganese, cooled at a slow rate. The transformation (Fig. 1) is split 
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Figs. 5-7—-Low Carbon, Molybdenum-Free Subgroup. Fig. 5—Serial No. 5. 0.06% 
C, 1.27% Mn. 5-hr. cool, 113 Vickers. Etched in Nital. 150. Fig. 6—Serial No. 6. 
0.08% C, 1.70% Mn. 5-hr. cool, 140 Vickers. Etched in Nital. 500. Fig. 7—Serial 
No. 8 0.08% C, 2.95% Mn. Air cool, 262 Vickers. Etchedin Nital. X 150. 


and the resultant structure is composed of ferrite and pearlite (formed 
at the beginning of the transformation) and upper bainite (formed at 
the latter stages of the transformation). *° 

Fig. 9 illustrates the microstructure of Serial No. 17, containing 
0.16% carbon and 3.22% manganese, cooled at a rapid rate. Trans- 
formation in this case (Fig. 2) is completely suppressed and the result- 





1947 CAST CARBON-MOLYBDENUM STEELS 413 





Figs. 8-9—-Intermediate-Carbon, Molybdenum-Free Subgroup. Fig. 8—Serial No. 15. 
0.15% C, 2.27% Mn. 5-hr. cool, 193 Vickers. Etched in Nital. 150. Fig. 9—Serial 
No. 17. 0.16% C, 3.22% Mn. Air cool, 339 Vickers. Etched in Nital. X 500. 





Fig. 10—High Carbon, Molybdenum-Free Subgroup. Serial No. 25. 0.31% C, 
1.92% Mn. Air cool, 254 Vickers. Etched in Nital. X 150. 
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Figs. 11-12—-Low Carbon, Molybdenum-Bearing Subgroup. Fig. 11—Serial Zo. 33. 
0.06% C, 0.72% Mn, 0.53% Mo. Air cool, 136 Vickers. Etched in Nital. x 150. Fig. 12— 
Serial No. 38. 0.10% C, 3.04% Mn, 0.54% Mo. Air cool, 322 Vickers. Etched in Nital. 
x 500. 


ant structure consists of bainite and probably some martensite. 

Finally, for “high” carbon steels, Fig. 10 presents the structure of 
the steel, Serial No. 25, containing 0.31% carbon and 1.92% man- 
ganese, cooled at a rapid rate (Fig. 2). The transformation is split and 
spread over a wide temperature range. The structure consists of small 
amounts of pearlite and ferrite formed during the initial stages of the 
transformation and of bainite formed during its latter stages. 

With a further suppression of the transformation (as in Serial 
No. 26, Fig. 2), pearlite practically disappears and is replaced by bainite. 
When transformations are suppressed to still lower temperatures (as 
in Serial Nos. 28 and 29, Fig. 2), lower bainite in turn is gradually 
replaced by the martensitic structure. 

Carbon-Molybdenum Steels—In the “carbon-molybdenum” group, 
the increasing thermal sluggishness produced by raising the manganese 
content and the sequence of the resultant structures is quite similar to 
that of “plain carbon” steels, except that the 0.5% molybdenum present 
in all of them also contributes to the suppression of the transforma- 
tions. (Compare Fig. 1 with Fig. 3, and Fig. 2 with Fig. 4.) 
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Fig. 11 represents the structure of rapidly cooled Serial No. 33 
(Fig. 4), containing 0.06% carbon and 0.72% manganese. This struc- 
ture consists of ferrite and small amounts of pearlite as well as upper 
bainite. The latter is a product of the suppressed transformation, indi- 
cated by a slight discontinuity on the cooling curve. 

When the transformation is completely suppressed, as in Serial 
No. 38 (Fig. 4), containing 0.10% carbon and 3.04% manganese, the 
resultant structure, illustrated in Fig. 12, is composed of upper and 
lower bainite. 

Fig. 13 illustrates the structure of a steel with intermediate carbon, 
Serial No. 42, containing 0.13% carbon and 0.77% manganese, ob- 
tained on rapid cooling (Fig. 4). It is composed of ferrite and some 
pearlite, formed in the upper transformation temperature range, and 
of upper bainite formed by the suppressed transformation manifested 
by a discontinuity on the cooling curve. With further increase in the 
manganese content, the thermal sluggishness increases, and ferrite- 
pearlite structures with the same cooling rates are gradually replaced 
by lower bainite and martensite. 

In the “high” carbon subgroup, the carbon content is less uniform 
than in the other subgroups discussed so far. For this reason (Figs. 3 
and 4), it appears that some of the higher manganese steels are less 
thermally sluggish than those containing lower manganese. Actually, 
however, this is due to the interference of the carbon content which, in 
the presence of these alloying elements, has a greater effect in suppress- 
ing the transformation than manganese itself. 

This subgroup is illustrated by Fig. 14, which is the structure of the 
slowly cooled Serial No. 53, containing 0.32% carbon and 1.25% man- 
ganese (Fig. 3). It is predominantly composed of a mixture of upper 
and lower bainite, formed at the suppressed transformation range. It 
also contains some ferrite and a pearlite-like constituent formed at the - 
upper transformation range, manifested by a slight discontinuity in the 
cooling curve (Fig. 3). 

In conclusion, it can be stated that progressively larger percent- 
ages of manganese in amounts over 1.5% increase the thermal slug- 
gishness of carbon and carbon-molybdenum steels containing carbon 
up to about 0.3%, increase their air hardenability and promote forma- 
tion of structural constituents resulting from suppressed transforma- 
tions (i.e., lower bainite and martensite). This increase in thermal 
sluggishness, however, is much more gradual and less abrupt than, for 
example, in chromium-nickel steels and results in formation of 
transitory structures not observed in the latter. 
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Fig. 13—Intermediate Carbon, Molybdenum-Bearing Subgroup. Serial No. 42. 0.13% 
C, 0.77% Mn, 0.53% Mo. Air cool, 179 Vickers. Etchedin Nital. X 150. 
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Fig. 14—High Carbon, Moiybdenum-Bearing Subgroup. Serial No. 53. 0.32% C, 
1.25% Mn, 0.73% Mo. 5-hr. cool, 373 Vickers. Etched in Nital. X 500. 


PHYSICAL PROPERTIES 


Figs. 15 and 16 are graphic representations of the test data given 
in Tables I and II, respectively. Each figure consists of three separate 
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graphs (A, B, and C), for three different carbon contents. In view of 
the fact that very little difference was found in the properties of the 
same steels drawn at 1200 and 1250 F (650 and 675 C), in plotting 
these curves, average figures were used. In all cases, there was some 
scattering of the points due to the inevitable experimental error so that 
the curves represent average values, somewhat on the conservative 
side. In each figure, the engineering specification requirements for 
carbon and carbon-molybdenum steels (respectively) are drawn as 
dotted lines. Since steels with 4% manganese, in all cases, come out 
somewhat unsound and segregated, the test data obtained from them 
were not considered as very reliable. In all curves, the portions from 
3 to 4% manganese are, therefore, indicated as dotted lines. 

The conclusions that may be reached from studying these graphs 
are that manganese, up to about 3%, to a considerable extent increases 
the tensile strength, yield point, proportional limit and breaking 
strength. Elongation and reduction of area decrease somewhat. Up to 
about 1.5% manganese, however, this decrease is very gradual. In 
some cases (Figs. 15-A, 15-C, 16-A [Part 2] ), there even is a slight 
increase in ductility with the initial increases in manganese content up 
to about 1.5%. Of particular interest are the shapes of the impact 
resistance curves. There is a definite and quite pronounced improve- 
ment with the initial increases in manganese. This can be observed 
in five out of six individual graphs in Figs. 15 and 16 (Part 1).7 In 
other words, the impact resistance curves form a peak which, for the 
plain carbon steels, falls in the vicinity of about 1.5%, and for carbon- 
molybdenum steels, in the vicinity of about 0.5 to 1.0% manganese. 
Moreover, this peak is more pronounced in steels. with low rather 
than with the higher carbon, and in “plain carbon’ rather than 
‘“carbon-molybdenum”’ steels. 

In conclusion, it may be stated that the most efficient manganese 
content, in the sense of the best combination of strength, ductility and 
impact resistance, is about 1.5% for plain carbon and about 1% for 
carbon-molybdenum steels. If, however, it is desired to improve the 
strength still further at a small sacrifice in ductility and impact resist- 


ance, it is quite safe to go as high as 2 to 2.5¢ 


2.5% manganese. Even at 
about 3% manganese, ductility and impact resistance are still fair and 
begin to deteriorate rapidly only at still higher manganese contents 
while the strength with 3% manganese, at least in some instances, is 


increased nearly twofold as compared with similar compositions con- 


"In Fig. 16-B, it is observed in the low-temperature impact resistance curve only, per- 
haps because the lowest manganese content in this subgroup is higher than in any other. 
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Fig. 15 (Part 1)—Effect of Manganese on Physical Properties of Carbon Steels. 
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Fig. 15 (Part 2)—Effect of Manganese on Physical Properties of Carbon Steels. 





- ers Siena Redsirtion bf Area 80 60 
Y.P/TS. Yield Ratio O8 








420 TRANSACTIONS OF THE A. S. M. Vol. 38 


Engineering Specifications 
For Cast Carbon riIRRT 25Ft Lbs 





Molybdenum Steels \ BHN I65 
a ee -_ oe \- .— se T 7 
< | \ c 
sti iieialiigg tt hip Re mee £ 
rT 2 4 Se 
tt ttt tr 





f 
> + u 
fc oe 
) . 
; 4) 
—— + - 
= 
O a 
— = 
vu 
| ~ 
+ + a 
_ 
+ — 
1 nal > - 
———— Lt 
edhe ap 
f 
| ~ 
a 2 
‘> 
Ott . 
a - 
= f 
— -—+—_—__—_+ . 
_ 
pee 
rr S 
LJ 
—~ - . 
f 
— - = 
i 
- 
- 
+ - - — - + + 4 i S. x 
a U oO 
T N o~ 
T tT = ' a+ — 
= « 
+ —_——+ =“ + —os 





O 
Oo oO oO 
m 


wo Oo oO oO oO oO 
aw vT rm WN ae 
4 BQuOISISAY jOOdW AduoYyD 





ype ren 


nan AE 








CAST CARBON-MOLYBDENUM STEELS 


1947 


EL 22% Min 


RA35%Min 


Engineering Specifications 


For Cast Carbon 


7 


YP 45000psi Min 
n> 
a 
> | 
\ Lo 
P | 


0,000psi Mi 


TS7 





Molybdenum Steels 














~ 9%0E0 9 


‘S]203S WINUApPgA]OJY-Uoqied jo saipziodo 


¢ 2 | O UN%P 
7134 





d [eorsAyg uo osouer 





ty. 
r 
[ie 
> 


Ke 





@ 


+—— Dn Eee O}—_) 


hi i? - deme 


ee ati 


9%SI0 @ 


Suv jo poy 


(Z Wed) OL “BF 


€ 

















ess 








422 TRANSACTIONS OF THE A. S. M. Vol. 38 


taining only about 0.5% manganese. As a matter of fact, steels con- 
taining about 3% manganese and about 0.15% carbon can easily pass 
requirements of chromium-molybdenum steels (with the exception of 
the corrosion resistance of the latter). With 3% manganese and higher 
carbon contents, physical properties decrease to rather low values. 


WELDING EXPERIMENTS 


As previously pointed out, representative heats (Tables I and II) 
were cast into keel coupon blocks and %-inch thick welding plates 
(Fig. 17). The latter were cut off from the risers and gates; heat 
treated together with the coupon blocks by normalizing from 1700 F 
(930 C) and drawing at 1200F (650C); and used for welding 
experiments. 

The plates were prepared for welding by machining off one edge 
of each to form a “V” groove when two plates are placed side by side. 
Each pair of plates of the same composition was then electric arc 
welded together, using carbon and carbon-molybdenum steel electrodes 
of the following approximate composition for the corresponding series 
of plates: 


Electrode Si Mn S P . Mo 
Carbon Steel 0.05-0.25 0.30-0.60 0.03 0.03 0.09 
Carbon-Molybdenum Steel 0.10-0.50 0.30-0.60 0.03 0.03 0.10 0. 45-0. 65 


No preheating was employed in welding carbon-manganese plates, 
while those made of carbon-molybdenum-manganese steels were pre- 
heated to 400 to 500 F (200 to 260 C) with an oxyacetylene flame. 

Sound welds were made in seven to eight passes on assemblies 
7%-inch thick with 7-inch running length of welding. Standard tensile*® 
and Charpy impact® bars were machined from the welds which had not 
been given any stress relieving treatment. In the former, the weld and 
the affected zone were left between the gage marks. In the latter, the 
keyhole notch was cut through the weld metal to the fusion line in an 
attempt to force the break in the heat-affected zone adjacent to the 
weld, as shown in Fig. 18. 

All these test bars were subjected to physical testing and the 
resultant test data are recorded in Table III. 

From all welds, strips (34 by % by 10 inches) were cut and sub- 
jected to bend tests. Each weld was also subjected to “hardness distri- 
bution” studies, across the weld and the affected zone. For each weld, 


*2-inch gage, 0.505-inch diameter. 
"Keyhole notch. 
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Fig. 17—Welding Test Block Pattern. 


this test was performed in “‘as-welded”’ condition and also after stress 
relieving at 1225 F (663 C). 

Tensile and Impact Testing of the Welded Assemblies—The re- 
sults obtained on tensile and impact properties of the welds given in 
Table III were averaged from duplicate tests. It should be understood 
that these data represent properties of the welded assemblies and not 
of the metal. 

In most cases, tensile and impact properties of the welds are lower 
than those of the parent metal and in some (within experimental error ) 
are equal. For this reason, most of the tensile test bars broke through 
the welds (Table III). 

It is interesting to note the relatively high impact resistance in 
most of these specimens remembering that, in this case, the metal was 
tested in the most disadvantageous condition, i.e., the zone adjacent to 
the weld which is most likely to be embrittled. 

Bend Tests—Tests were made on plain carbon and carbon- 
molybdenum steels containing low (about 0.10%), intermediate (about 
0.15%), and high (about 0.30%) carbon (all compositions are tabu- 








Vol. 38 








‘QUOZ PIWIYe oy} YBno1y} peinqowsy apdures, 
*Pl®M oy} JO apisyno peinyzoesy sajdures) 
[] pue | sajqey ul se cures 9y3 SsoquINnu [east 





: zt Sst 08°0 S'1Z 09 00$" 26 oof" 19 #00$°9/ oro $0 oz sP'0—07'0 9S 
S elt BLT £9°0 oer Stl OOT'9ZT O0OS* Lt OOS*OL of'0 $0 $0 sPo—07'0 zs 
, 8°Or £6t 8s°0 OTP Stl 000°TZ1 008'7F OO" FZ sto ‘0 or sP0—07'0 6P 
wn $6 £°9or 9s°0 O1P O'T 000°S8 OOS I 000° FL sto sO O07 sPo-—07'0 LY 
, SLI oz £30 $°6S OsT 0O09'TET 008° LS 00$°69 sto ‘0 O07 sPo—-07'0 St 
Ss Ost see 690 019 OFZ 000° FET 008" 8h 00S*OL sto $0 oT st 0-—-07'0 ev 
~ Ove see 89°0 09S O'SZ 007°L01 OOS'St 000°L9 sto $0 $0 sP0-—-07'0 OF 
~ $ st £°27 99°0 $6s ssl OOF LTT 008" bP 00E"89 oro $0 Ur sP0--07'0 s¢ 
wt 8 7e ste $90 $°OS s'£7 O08" TZ 008’ Se 400S"S¢ oro $0 $0 sPo-—-07'0 ie 
Nw 8[997S wUNuUepqAlop -uoqiey 
tx, set 8°9¢ 9L°0 Oss OLT OoE* LTT 00S'6F 008°S9 of°0 0 oe sPo-—-02'0 LZ 
Sd eet 8'8e 0L°0 SLY Srl 008601 00E' bh 000°¢9 of°O 0 Og sbo-—-07'0 bz 
. SIZ Sle £20 $9S Oo! 00L*OrT 000°S* oo0g* 79 or'0 0 $0 sP0—02z'0 1z 
~s £¢ " O62 zL0 OLP OF! OOS*Z1T 008" bP oog'79 sto 0 oe spo-—-07'0 8I 
x oe o'et 99°0 stp sol ey OOS" bP 00s" t9 sto 0 07 spr o—07'0 ot 
© 8'se O'8P 69°0 $09 O'7Z oor’szt O0E' ZF 000°79 sto 0 ol sP0—07'0 et 
a OeZ O'P 69 0 OLE ae.) Oo 009°9¢ 400%'09 sto 0 $0 sP0—07'0 or 
™ 8°62 8 8f 89°0 $79 O'eZ OOL' PZ 009°7 000°¢9 oro 0 O07 sPro-—-07 0 L 
& £°s¢ £ eV 0L0 09S S'bz pans Ay oor’ st 4000'TS oro 0 $0 sr'0—02'0 z 
G 8]997S uoOqIey) 
=, 4 $t— ‘Lu AA Wap Jd 4 8d me 9 i UW IS "ON 
XN wa +. ee So ‘Ta a Ss @ ‘d ‘A ol WON sOdWIOD [BULWION , [P25 
DOULIWSISIY —————_ ——_ ————— suuodolg ojisuay 
e peduy Adieyy ’ 


emnemmnennengsean ——(,, PPP SV,,) SPIPA\ 241 JO Sarjiedoig jeosAyg 


SUSUIDIdS PopjaA JO Sapptodoig [BoIsAud 
Hit M481 


424 


' 





1947 CAST CARBON-MOLYBDENUM STEELS 425 





Fig. 18—-Keyhole Notch, Charpy Impact Test Piece of the Weld Assembly. 


lated in Table I11). Longitudinal sections for side bend tests were 
prepared in accordance with the American Standards Association code 
requirements and bent at the weld zone around a 1-inch mandrel. All 
of the strips made from steels containing up to about 2% manganese 
were bent to 180 degrees without cracking. The higher manganese 
steels cracked before 180 degrees were reached. 

Hardness Distribution Studies—A representative cross section of 
a weld from each composition was subjected to hardness distribution 
studies across the weld and the affected zones (using a Vickers pyramid 
hardness tester with a 30-kilogram load), (a) in “as-welded”’ condition 
and (b) stress-relieved at 1225 F (663(C). Fig. 19 illustrates how 
these tests were performed. 

Both sets of these test data are graphically represented in Figs. 20 
and 21 for carbon and carbon-molybdenum steels, respectively. In 
comparing these two figures, it may be observed that in the “‘as-welded” 
condition, carbon-molybdenum (Fig. 21) develops higher hardness 
values than corresponding plain carbon steels (Fig. 20). In both cases, 
the “low” carbon subgroups do not exhibit hardnesses over about 200 
Vickers, even when the manganese content is nearly 2%. 

In the intermediate “plain” carbon subgroup (Fig. 20), the hard- 
ness exceeds 300 Vickers in the steel containing 2.31% manganese. In 
a similar carbon-molybdenum steel (Fig. 21), but containing only 
2.20% manganese, the maximum hardness is well below 300 Vickers. 
On the other hand, another steel of the same subgroup, containing 
2.63% manganese (Fig. 21), develops a hardness well above 300 
Vickers. As has been shown by the dilatometer curves, the thermal 
sluggishness of plain carbon and carbon-molybdenum steels (con- 
taining 0.15 to 0.20% carbon) begins to increase rapidly when man- 
ganese contents exceed 2%, thus resulting in rather high hardness 
values in the affected zone. With still further increase in manganese 
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Fig. 19—Serial No. 49, 
**As-Welded.” Hardness dis- 
tribution across the weld and 
the affected zones. 
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Fig. 20 (Above)—Hardness Distribution Across the Weld and the Affected Zone in 
Carbon-Manganese Steels. 


Fig. 21 (Below)—Hardness Distribution Across the Weld and the Affected Zone in 
Carbon-Molybdenum-Manganese Steels. 


content up and above 3%, the thermal sluggishness increases still 


further and hardness in the affected zones reaches values over 
400 Vickers. 
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Passing over to “high” (0.30 to 0.32%) carbon subgroups, it may 
be noted that in “plain” carbon steels (Fig. 20), maximum hardness 
is only slightly above 300 Vickers with manganese content as high as 
2.78%. In the same subgroup of carbon-molybdenum steels (Fig. 21), 
the steel containing 2.59% manganese develops a hardness of over 
500 Vickers. All these observations for this and the above subgroups 
check very well with the dilatometer data. 

After stress relieving at 1225 F (663 (CC), all hardnesses in the 
affected zones decrease to rather low values (Figs. 20 and 21). None- 
theless, the increase in hardness with increasing manganese content 
within each subgroup is quite pronounced. 


SUMMARY 


The effect of manganese on structural and thermal characteristics 
as well as on the physical properties of “plain carbon” and carbon- 
molybdenum cast steels of three different carbon contents has been 
investigated. It was found that manganese increases the thermal slug- 
gishness and air hardenability of all of them. This increase, however, 
is much more gradual and less pronounced than in the case of chromium- 
molybdenum or chromium-nickel-molybdenum steels. Fully developed, 
suppressed transformations on relatively slow cooling, associated with 
more or less considerable “air hardenability”, can be observed only when 
manganese content increases to about 2%. This increase in thermal 
sluggishness as a function of increasing manganese is more pronounced 
in “carbon-molybdenum” than in “plain carbon” steels, and in “high- 
er’ carbon than in “low” carbon steels. 

By raising the manganese content to about 1.5% in “plain carbon” 
and to about 0.75 to 1.0% in “carbon-molybdenum” steels, the strength 
can be increased about 20%, as compared to similar steels containing 
about 0.5% manganese. At the same time, the decrease in ductility is 
slight. The impact resistance with the above manganese contents is at 
its highest, as compared with that obtained with either lower or 
higher percentages. 

Some welding experiments indicate that there are no welding 
difficulties encountered within the carbon range used, provided the 
manganese content is held under 2%. The resultant weld assernblies in 
steels containing under 2% manganese exhibit considerable ductility 
and strength. No excessive hardness was developed in the affected 
zones of these steels. 
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The present paper has been written with the objective of describ- 
ing some fundamental technical and engineering data and does not 
attempt to advocate any definite compositions for specific uses or make 
any recommendations. 
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DISCUSSION 


Written Discussion: By Howard S. Avery, research metallurgist. 
American Brake Shoe Co., Mahwah, N. |. 

Steels with manganese content intermediate between the general en- 
gineering steels and the 12 or 13% of Hadfield’s austenitic manganese 
steel are occasionally proposed for commercial use as they usually exhibit 
air hardening tendencies suggestive of value for wear resistance applica- 
tions. However, the mixtures of austenite and harder transformation 
products generally exhibit disappointing mechanical properties. 

In this paper, a decrease in toughness beyond 3% manganese is ap- 
parent. The authors remark that the 4% manganese specimens were 
somewhat unsound and segregated. Does this fully explain the poorer 
properties or are they perhaps due to increased amounts of retained 
austenite? 

Written Discussion: By Charles R. Wilks, metallurgist, American 
Brake Shoe Co., Mahwah, N. J. 

It should be noted that the comparisons of mechanical properties 
with manganese content were made for the same heat treatment rather 
than at identical hardness and strength levels. That the hardness after 
normalizing increases generally with manganese content is evident, re- 
flecting the suppression of transformation to lower and lower tempera- 
ture reaction products until essentially full hardening is achieved; and, 
when the normalized structures are quite similar, the higher tempered 
hardnesses indicate the greater resistance to tempering of the more highly 
alloyed materials. 

The initial manganese increments provide improved ductility and 
toughness despite greater hardness and strength resulting from higher 
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hardenability; this is as would be expected where the structures developed 
are progressively sufficiently superior. When the improvement in struc- 
ture becomes smaller or even negligible within certain increment ranges 
of manganese, ductility and toughness, which would likely be similar at 
the same hardness and strength levels, would be expected to decline as 
tensile strength and hardness are increased. With sufficient alloy content 
to inhibit the full transformation of the austenite upon normalizing, some 
deterioration in properties may then occur for the same hardness and 
strength 

The authors do not indicate the section size or cooling rate of the 
normalized blanks from which the mechanical test specimens were ma- 
chined. These are necessary qualifications of their quantitative findings. 

The authors have qualified the data for the 4% manganese steels 

which came out somewhat porous and unsound”, and their inclusion 
in Figs. 15 and 16 is questionable in view of the hardness strength con- 
versions (e.g., 26,100 psi—257 BHN, 92,500 psi—331 BHN). 


Authors’ Reply 


‘The authors wish to thank Messrs. Avery and Wilks for their written 
discussions. 

With regard to Mr. Avery’s comments on retained austenite in the 
4% manganese steels, neither dilatometric nor meta!lographic examination 
revealed any evidence of the presence of this phase. There would be less 
chance of finding any austenite in the tensile or impact test bars than in 
the air-cooled dilatometer samples, because of the draw treatment given 
the former. It may be possible that some small local segregations might 
have high enough manganese contents to produce austenite but our work 
did not reveal any evidence to substantiate this hypothesis. It is generally 
known that manufacturing of high manganese steels is an art requiring 
special techniques. It is quite certain that by refining our experimental 
foundry technique to meet the peculiarities of high manganese steels, the 
unsoundness and segregations observed in these 4% manganese composi- 
tions could be reduced or even completely eliminated. However, there 
was not enough interest in the 4% manganese steels to justify continuing 
these efforts. We agree with Mr. Wilks that the steels with higher man- 
ganese contents offer greater resistance to tempering. Moreover, the 
same general hardness and strength levels for these compositions might 
be attained by using a different heat treatment for each composition. For 
example, hardness and strength of those containing less manganese could 
be increased with certain limitations by water or oil quenching, whereas 
normalizing followed by higher draw temperatures would produce similar 
results for the more highly alloyed steels. 

This, however, was not the object of the present investigation. Liquid 
quenching of steel castings, and particularly of the heavy walled ones, for 
many practical considerations is undesirable. For this reason, in our 
work heat treatment was restricted to normalizing and drawing. With 
this restriction in mind, it appears that the most desirable manganese con- 
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tent is 1.5% for carbon, and 0.75 to 1.0% for carbon-molybdenum steels. 
But, this does not mean that a production foundry can, without any in- 
termediate experimentation, modify its present manganese contents to 
these figures, because there may be some complications encountered, 
which our research does not reveal, but which will have to be overcome 
before the modified compositions can be successfully manufactured on a 
production scale. 

To answer Mr. Wilks’s question regarding the size of our blanks, at 
the time of their heat treatment they were cut from standard keel coupon 
blocks to uniform dimensions of 6 inches long by 1 inch-wide and by 
% inch thick. The cooling from normalizing was performed in still air. 
It was not measured but should be quite rapid in the high temperature 
range and progressively decrease with falling temperatures. However, 
for blanks of uniform size it should be the same, which in our opinion 
makes the resultant physical properties directly comparable. 

The inconsistency of hardness to tensile strength ratio in 4% manga- 
nese steels, observed by Mr. Wilks, may partly be attributed to the un- 
soundness of the castings and partly to the inherent brittleness of this 
metal. 


RELATION OF QUENCHING RATE AND HARDENABIL- 
ITY TO THE MECHANICAL PROPERTIES OF SEVERAL 
HEAT TREATED CAST ALLOY STEELS 


By Cuarves R. Witks, Howarp S. Avery AND EARNSHAW CooK 


Abstract 


This paper presents the available results of a project 
to study the effects of quenching rate and of hardenability 
upon the mechanical properties of several heat treated cast 
alloy steels. To avoid the handling of unwieldy sections, 
the double end quench test technique, which has been pre- 
viously described (1),) has been employed to provide 
quenching rates that correspond closely to those which 
obtain at the center of plates 2 to 8 inches thick. Tensile 
and impact properties have been determined, with the lat- 
ter appearing to be more sensitive to structural differences. 
It 1s suggested that, for cast steels, accentuated intercel- 
lular segregation militates against increased alloying for 
heavier sections. Optimum mechanical properties seem to 
be coincident with the minimum hardenability which will 
produce maximum hardening for any particular rate of 
cooling. 

While the scheduled testing has been essentially com- 
pleted, the logical extensions of the research, as originally 
planned, were abandoned concurrently with the discontinu- 
ance of both National Research Council Project NRC-83A 
and the correlated production of cast tank armor which 
had motivated the experimental program. The data are 
presented to make them available to other investigators 
who are interested in this or related problems. 


ease general qualitative effects of quenching rate and harden- 
ability upon the mechanical properties of heat treated alloy steels 
are well known. Where, for example, the maximum properties of a 
particular steel in a given hardness range are attained by tempering 
a martensitic structure, decreasing the quenching rate (e.g., by in- 
creasing section size) or reducing the alloy content (i.e., decreasing 





1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty- eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, Charles 
R. Wilks is metallurgist, Howard 5S. yo is research metallurgist, and 
Earnshaw Cook is consulting metallurgist, | American Brake Shoe Company, 
Mahwah, N. J. Manuscript received July 25, 1946. 
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Fig. 1—Comparison of Cooling Curves at the Center of Plates Quenched in Agi- 
tated Water with Those of Selected Double End Quench Specimens. Quenched 1650 F. 


Chemical Composition C% Mn% Si% Ni% Cr% Mo% 
D.E.Q. Tests 0.32 1.62 0.42 wate 0.48 0.34 

_— Plate 0.26 1.44 0.59 a ataa 0.44 0.26 

1%-in. Plate 0.27 0.87 0.42 1.75 1.15 0.65 
1%-in. Plate 0.29 1.60 0.69 —— 0.45 0.40 


hardenability ), to an extent that will allow partial transformation to 
ferrite or to other high temperature transformation products, will 
usually result in inferior properties. Impairment may also be en- 
countered if the alloy content is increased to a degree that will in- 
hibit the complete transformation of the austenite during quenching. 
Certain alloy steels, particularly those of the Mn-Cr-Mo type, 
permit the possibility of an additional mode of transformation dur- 
ing continuous cooling. Simple steels that are quenched at a suff- 
ciently rapid rate to avoid the pearlitic reaction above 900 to 1000 F 
(480 to 540C) will usually transform to martensite. When large 
amounts of alloying elements are present, as are necessary for the 
hardening of heavy sections, prevention of the pearlitic reaction is 
expected with any reasonably effective quench, but below 900 F (480 
C) these steels, under the same cooling conditions, may transform 
partially or wholly to acicular structures of the bainite type. These 
reaction products, dependent upon the temperatures at which they 
are formed, may also exhibit inferior properties after tempering. 
Interest in the hardenability requirements for plates of various 
thicknesses led to the development of the double end quench test (1) 
which, by selection of a suitable test bar length, provides close match- 
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Fig. 2—Correlation, on Basis of Closely Match- 
ing Center Cooling Curves, Between Plate Thickness 
and Double End Quench Test Bar Length for Plates 


Quenched in Agitated Water Length diameter ratio 
of 4:1 must not be exceeded for double end quench 
test bars. 
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Fig. 3—Casting Practice for 2%-Inch Diameter by 10-Inch Test Bar. 


ing of the thermal history at the center of a given plate (Fig. 1). 
Correlation of test:bar length with plate thickness (Fig. 2) has been 
previously reported for 7g, 114, and 17-inch plates, quenched in agi- 
tated water, and comparison with similar data from other labora- 
tories (not yet published) indicates that this correlation may be ex- 
tended with confidence for simple as well as for alloy steels. 

In this investigation, the depth hardening characteristics and 
the mechanical properties at selected hardness levels of seven 0.30% 
carbon Mn-Cr-Mo cast alloy steels have been evaluated at the center 
of four double end quench bars from 23 to 7% inches long. The 
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Specimen Sizes Employed in the investigation of 
Mechanical Properties vs. Quenching Rate and Hardenability 
Designation A B 
DEQ-2-378" 21/2" 2-3/8" 


« -3-78" 4 3-78" 
« -§5-78" 6" 5-7/8" 
“ -7-78" 8" 7-78" 


Fig. 5—Double End Quench Specimens. 


center quenching rates correspond to those at the center of water- 
quenched flat plates approximately 2, 4, 6, and 8 inches thick. It 
cannot be assumed, however, that identical properties would neces- 
sarily obtain in the corresponding plates. It is recognized that the 
cast test bar, while providing identical cooling rates and chemical 
composition, does not assure heterogeneity similar to that of heavy 
sections with different solidification characteristics. It is probable, 
however, that the separately cast test pieces will reflect maximum 
properties, within grain size and heterogeneity limitations; the test 
bar is designed for soundness, while plates or other commercial cast- 
ings frequently contain at least microscopic shrinkage porosity. 


EXPERIMENTAL PROCEDURE 


The seven Mn-Cr-Mo steels employed in this study were melted 
in a basic induction furnace from Armco ingot iron and ferroalloys, 
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Fig. 6—Double End Quenching Fixture. 


deoxidized in the ladle with 0.07% calcium as calcium silicide, and 
cast into 2'4-inch diameter by 10-inch and 1,/;-inch diameter by 8%/4- 
inch headed test bars (Figs. 3 and 4). The effects of sulphur upon 
mechanical properties were minimized by employing this selected 
melting scrap with a maximum of 0.02% sulphur. Chemical analyses 
appear in Table I. 


Table I 
Experimental Compositions 


Alloy = —_—_—_—————— Chemical Analysis, % ————-—_-_—_-____"_—- 
Steel [ Mn P Ss Si Cr Mo 
A-1 0.30 0.69 0.014 0.020 0.62 0.02 0.31 
A-2 0.29 0.84 0.014 0.012 0.45 0.26 0.36 
A-3 0 29 1.31 0.013 0.011 0.52 0.37 0.36 
A-4 0.31 1.66 0.018 0.015 0.53 0.55 0.36 
A-5 0.31 1.57 0.015 0.013 0.57 1.21 0.35 
A-6 0.32 1.61 0.013 0.014 0.58 1.66 0.36 
A-7 1.76 0.46 


0.32 1.78 0.015 0.014 0.52 


After the heads were removed, all cast bars were given a 
“homogenizing” treatment (air cooling after 8 hours at 1850F). 


Three each of the double end quench 234, 37%, 576, and 7% by 
2-inch diameter specimens which are detailed in F 


ig. 5 were ma- 
chined from the 24-inch diameter stock of each composition. Iden- 
tification of the orientation of these specimens with respect to the 
bottom of the as-cast bars was maintained throughout the investiga- 


tion with the subsequent testing procedure standardized to minimize 
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any spurious effects that might result from variations in experimental 
procedures. . 

The double end quenching technique was modified slightly from 
that which was previously reported (1). An adjustable end stop, 
which could be moved aside prior to quenching, was added to the 
fixture (Fig. 6) to position the specimen upon the knife edges, while 
a special set of “five-point” tongs was designed for transferring the 
test bar from the furnace to the quenching fixture. These changes 
eliminated the need for the center pin on each test bar which had 
proved troublesome. To avoid scaling during heating, heat resistant 
alloy cups, containing a thin graphite disk, were placed over the ends 
of the specimen as previously described. 

One double end quench bar of each length from each heat was 
used to evaluate the depth hardening characteristics of these alloy 
steels as well as to pilot the subsequent tempering treatments. These 
bars were austenitized at 1700 F (925(C) for 2 hours, double end- 
quenched to 200 F (95) (time-quenched), and then air-cooled to 
room temperature. The quenching periods were as follows: 


Double End Quench Specimen Quenching Time to 200 F 
D.E.0.—2% by 2inches ........... thon .. 230 seconds 
ee oe ne he ebueanccs .... 460 seconds 
ee eee . 940 seconds 


 D.E.Q.—7% by 2 inches Fs ahs pga Uva 1590 seconds 

The center cooling curves transposed to 1 second at 1400 F (760 C) 
for these four test bars are shown in Fig. 7 for one Mn-Cr-Mo com- 
position. While these curves as well as the selected quenching times 
are strictly applicable only to this particular steel, since composition 
and other variables will modify the cooling characteristics, the time 
to cool from 1700 to 200 F (925 to 95 C) for a given test bar was 
not expected to vary too greatly for the several compositions in 
Table I. 

To determine the depth hardening characteristics of these steels, 
a longitudinal hardness survey was made on a ground flat on the 
“top” (feeder head side) of each double end-quenched pilot speci- 
men. A second flat, parallel to the first, was prepared on the oppo- 
site side of the specimen to facilitate testing. Following the hard- 
ness survey, each bar was cut longitudinally into quarter sections. 
Two tempering temperatures were selected for each test length on 
each heat to bracket, where possible, the Brinell 240 to 300 range at 
the center of each bar, and a quarter section was tempered at each 
temperature for 6 hours, then air-cooled to room temperature. The 
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resulting center hardness was determined and, where possible, the 
tempering temperatures to obtain Brinell 240 and 300 were inter- 
polated from these data. 

The time quench to 200 F (95C) should result in somewhat 
lower quenching stresses than would obtain in a full quench to room 
temperature and was employed to reduce the risk of cracking the test 
bars during the hardening treatment. While the pilot bars were 
necessarily air-cooled to room temperature following the time quench 
to 200 F (95 C), the remaining double end quench specimens were 
transferred immediately to the tempering furnace at the selected 
temperature, held for 6 hours, then air-cooled. Original considera- 
tions appeared to justify this procedure since the M, for each of 
these steels was believed to be well above this temperature (2). 

Where possible, one double end quench bar of each length from 
each heat was tempered to Brinell 240, a second to Brinell 300. When 
the steels of lower hardenability quenched out below Brinell 240, 
one test bar was stress-relieved at a temperature consistent with no 
apparent softening of the as-quenched product, while the companion 
bar was tested in the as-quenched condition. 

To determine the center mechanical properties for correlation 
with quenching rate and hardenability, two 0.252-inch diameter by 
1.0-inch gage length tensile specimens were machined from the “bot- 
tom” half of each double end-quenched and tempered bar while the 
“top” half provided three 0.394-inch square “V” notch Izod impact 
(cantilever type) tests, as shown in Fig. 8. Tensile test gage length 
and Izod notches were centered longitudinally with respect to the 
original D.E.Q. test bar. While it was possible to determine only 
the center impact properties in the two shortest test bars, additional 
measurements at 1.10-inch intervals on either side of the center 
position were obtained for the 57g and 7%-inch specimens as illus- 
trated. 

The mechanical properties of these steels were also determined 
at the center of heat treated l-inch rounds (cut from castings as 
shown in Fig. 4) where the quenching rate is considerably faster 
than that which obtains in the shortest double end quench bar. These 
l-inch rounds were given a full immersion agitated water quench 
from the hardening temperature (1700 F), then tempered to the 
selected hardness levels; tempering temperatures were piloted as 
before. Although standard 0.505-inch diameter by 2.0-inch gage 
length tensile coupons were machined and tested, several 0.252-inch 
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diameter by 1.0-inch gage length tensiles were also included to check 
the comparability of the two test specimens. While it was doubtful 
that a quench of this severity could be employed regularly for the 
steels of higher hardenability when heat treated in 1l-inch sections, 
all were apparently successfully processed except one bar of the most 
highly alloyed steel A-7, which cracked. 

There were not sufficient l-inch rounds to evaluate the corre- 
sponding impact properties. Instead, 1 by 1 by 6-inch bars, which 
were cut from the 24-inch diameter stock, were immersion-quenched 
and tempered. Multiple Izod impact specimens (0.394 inch square, 
“V” notched) were machined from the center of most of these bars 
and tested before work on the project was terminated. Trouble was 
experienced with cracking of most of these 1 by 1-inch bars from 
the two highest hardenability heats. While the results are question- 
able, impact tests were made where specimens could be machined 
from apparently uncracked portions of these bars. 

Specimens for microexamination were cut from the center of 
the as-quenched pilot double end quench test bars and of the as- 
quenched l-inch square specimens. The Izod coupons furnished 
microsamples from the same locations after quenching and temper- 
ing. 

Ratings of austenitic grain size prior to quenching, based upon 
ASTM Standards, were made upon tempered martensitic structures 
(at the quenched end of double end quench 37g by 2-inch diameter 
specimens) etched with Vilella’s grain size reagent (1% picric acid, 
5% hydrochloric acid, in ethyl alcohol). 


EXPERIMENTAL RESULTS 


Summary of Data—The experimental data have been assembled 
in several tables for reference. The depth hardening characteristics 
of the several alloys, as measured by the extent to which they will 
harden at the center of the four double end quench test bars, are 
summarized in Table II, together with the mechanical properties 
which obtain at these locations after tempering to the selected hard- 
ness levels. The tensile properties of these steels after heat treat- 
ment as l-inch rounds are shown in Table III, while the expected 
comparability of the 0.505 and 0.252-inch diameter tensile specimens 


is evident in Table IV. The available corresponding impact proper- 
ties for the 1 by 1l-inch sections appear in Table V. 
Hardenability—The depth hardening characteristics of the sev- 
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Fig. 9—As-Quenched Hardness Surveys for D.E.QO. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-1. 
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Fig. 10—As-Quenched Hardness Surveys for D.E.Q. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-2. 


eral alloys, previously summarized in Table II, are presented graphi- 
cally in Figs. 9 to 15 inclusive, which show the longitudinal as- 
quenched hardness surveys of the four double end quench test bars 
from each heat. 

To estimate hardenability from chemical composition an additive 
system has been employed, the “Hardenability” Number (3), (4), (5) 
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Fig. 11—As-Quenched Hardness Surveys for D.E.QO. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-3. 
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Fig. 12—As-Quenched Hardness Surveys for D.E.Q. 23%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-4. 


~ 


Specimen Length 
————— 
5-7/8 


| 518 a8 | 
te ‘niin Mineiialanaetiee 3 


— = — >" ot o-= oc 
Pe tng. a" os 
~~ es pet 
“Fro= 9-009 —S"F 
3 2 | 0 \ 2 3 3 
Distance from Center of D EQ Specimen, inches 





om 
oO 


Q 
° 


Hardness- Rc Scale 
on 
Oo 


o—o 


§ 
> 


Fig. 13—As-Quenched Hardness Surveys for D.E.Q. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-5. 
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Fig. 14--As-Quenched Hardness Surveys for D.E.Q. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-6. 
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Fig. 15—As-Quenched Hardness Surveys for D.E.Q. 2%, 3%, 5% 
and 7% by 2-Inch Diameter Specimens of Alloy Steel A-7. 


representing the summation of the weighted values for each element, 
which are obtained by multiplying the percentage of each alloying 
element by its proper factor.* For comparison, the Grossmann D, 
values (6), (7), (8)* have been calculated (Table VI), but the phys- 
ical significance of these ratings is questionable for the steels of higher 
hardenability. For the steels under discussion, however, relative 
rankings are naturally similar (Fig. 16). 

The depth hardening characteristics of these seven steels are 
compared with their chemical hardenability ratings in Figs. 17 and 
18; the center hardnesses of the several double end quench test bars 
have been plotted against “Hardenability” Number in Fig. 17, and 
against Grossmann’s Ideal Critical Diameter (D,) in Fig. 18. These 
charts permit an estimate of the chemical hardenability requirements 


**Hardenability” Number = %C X 320 + % Mn X 60+ @%Si X KO + @P X 
14000 + @S X 200 + G@Ni X 400 + % Cr X 500 + % Mo X 100 

%Grossmann’s original factors for C, P, and S were used in these calculations with 
the revised factors for Mn, Si, Cr, and Mo as published by Crafts and Lamont (7), (8). 
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Fig. 16—Comparison of Chemical Hardenability Ratings: Grossmann’s Ideal 
Critical Diameter Versus ‘‘Hardenability’”’ Number for 0.30% Carbon Cast Alloy 
Steels A-1 to A-7 Inclusive. 


Table IV 
oes: of 0.252 by 1.0-Inch and 0.505 by 2.0-Inch Tensile am 


Tensile Yield Ult. Tens. Red. Heat 


Alloy Bar Coupon Strength (a) Strength E long. Area Treatment (b) 
Steel No. Inches Psi Psi % % 2B.H.N. 6 Hrs., A.C. 
A-2 15 0.252 by 1.0 152,000 156,600 11.0 43.7 336 1050 F 
0.505 by 2.0 143,000 161,500 3.5. Oik7 336 1050 F 
16 0.252 by 1.0 128,000 139,600 98 ©=©6«sG8..S 302 1050 F 
0.505 by 2.0 126,000 138,250 365 333 302 1050 F 
A-6 14 0.252 by 1.0 126,000 143,800 16.0 34.3 286 1150 F 
0.505 by 2.0 121,500 139,750 18.5 46.8 286 1150 F 
15 0.252 by 1.0 124,000 141,000 17.0 49.0 302 1150 F 
0.505 by 2.0 123,000 140,000 17.5 46.2 302 1150 F 


(a) Drop of beam. 
(b) Preceded by: 1850 F—8 hours—air cool. 
1700 F—2 hours—water quench. 


to achieve maximum hardening‘ at the center of the several test bars 
which, from a correlation of double end quench test bar length with 


‘Maximum hardening should not be confused with full hardening (100% mar‘ tensite). 
While the as-quenched hardness increases to a maximum value as hardenability is in- 
creased to a suitable level for a given quenching rate, a 100% martensitic structure may 
be unobtainable either at this or higher hardenabilities because of inability to avoid (a) 
partial transformation to lower bainitic structures, and/or (b) retained austenite. The 
lower bainites are difficult to distinguish microscopically from martensite in these steels. 
Maximum as-quenched hardness, especially when conditions permit essentially full hard- 
ening, may not differ appreciabiy from that characteristic of 100% martensite, and the 
resu tant properties, after tempering, may likewise be similar. 
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Table VI 
Comparison of Chemical Hardenability Ratings 








Grossmann’'s 


Alloy Ideal Critical Diameter ““Hardenability” 
Steel D1, Inches Number 
A-1 2.24 2426 

A-2 4.09 2583 

A-3 7.64 2939 

A-4 11.09 3386 

A-5 18.65 3620 

~s 25.00 3896 





32.20 4206 
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Fig. 17—-Comparison of “Hardenability’” Number with the As-Quenched Center 
Hardness of D.E.Q. 2%, 3%, 5% and 7%-Inch Test Bars for 0.30% Carbon Cast 
Mn-Cr-Mo Steels. Heat Treatment: 1850 F, 8 hours, air cool; 1700 F, 2 hours, 
D.E.Q. to 200 F, air cool. 


60 


\_DEQ-5-78" | 
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©° DEQ -2-3/8" x 2" Diameter 
e « -3-738" “on " 

e@ « -5-78" uw 

@ « -7-7E" 4» 


As-Quenched Center Hardness- Re Scale 


35 

ideal Critical Diameter (D)), inches 
Fig. 18—Comparison of Grossmann’s Ideal Critical Diameter 
(D) with the As-Quenched Center Hardness of D.E.Q. 2%, 3%, 


ry and 7%-Inch Test Bars for 0,30% Carbon Cast Mn-Cr-Mo 
ys. 
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Fig. 19—Comparison of Per Cent Elongation at 120,000 Psi Tensile Strength 
(Approx. Brinell 240) at the Center of Double End-Quenched and Tempered D.E.Q. 
2%, 3%, 5% and 7% by 2-Inch Diameter Specimens and of Immersion-Quenched and 
Tempered 1-Inch Rounds with “‘Hardenability’’ Number for 0.30% Carbon Cast Mn-Cr- 
Mo Steels, from Mechanical Test Data in Tables II and III, Interpolated or Extrapo- 
lated Where Necessary. Circled figures show as-quenched center hardness Rc scale. 
l-inch round values converted from BHN 
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Fig. 20—Comparison of Per Cent Elongation at 145,000 Psi Tensile Strength 
(Approx. Brinell 300) at the Center of Double End-Quenched and Tempered D.E.Q. 
2%, 3%, 5% and 7% by 2- Inch Diameter Specimens ‘and of Immersion- Quenched and 
Tempered 1-Inch Rounds with ‘ ‘Hardenability’’ Number for 0.30% Carbon Cast Mn-Cr- 
Mo Steels, from Mechanical Test Data in Tables II and III, Interpolated or Extrapo- 
lated Where Necessary. Circled figures show as-quenched center hardness Rc scale. 
l-inch round values converted from BHN. 


plate thickness for given plate quenching conditions, should permit 
prediction, within heterogeneity and grain size limitations, of the 
cross-sectional hardnesses of corresponding plates. Fig. 2 shows the 
correlation for plates quenched in agitated water. Since variations 
in severity of quench will modify this relationship, it would be de- 
sirable, for precise work, to check this for the particular. plate prac- 


tice to be used. 
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MECHANICAL PROPERTIES VERSUS HARDENABILITY 
AND QUENCHING RATE 


Figs. 19 to 24 show the variation in the mechanical properties 
with “Hardenability’” Number at Brinell 240 and 300 (interpolated 
or extrapolated from the data of Tables II and III) at the center 
of the double end-quenched and tempered D.E.Q. 234, 374, 57%, and 


© Center,D EQ -2-3/8" 
° « -3-7/8" 
« -§-7/8" 
* -7-7/8" 
+ Center, |" Round 


Reduction of Area 


© 


= 50 
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“Hardenability" Number 

Fig. 21—Comparison of Per Cent Reduction of Area at 120,000 Psi Tensile 

Strength (Approx. Brinell 240) at the Center of Double End Quenched and Tempered 

D.E.Q. 2%, 3%, 5% and 7% by 2-Inch Diameter Specimens and of Immersion- 

Quenched and Tempered 1-Inch Rounds with ‘‘Hardenability’’ Number for 0.30% Car- 

bon Cast Mn-Cr-Mo Steels, from Mechanical Test Data in Tables II and III, Interpo- 


lated or Extrapolated Where Necessary. Circled figures show as-quenched center hard- 
ness Rc scale. 1-inch round values converted from BHN. 


7% by 2-inch diameter bars and of the immersion-quenched and 
tempered l-inch bars. Similar plots would obtain using Grossmann’s 
Ideal Critical Diameter as the hardenability variable. The effect of 
quenching rate is evidenced by the greater hardenability that is re- 
quired to develop optimum properties in the D.E.Q. specimens cor- 
responding to heavier plates. 

While the several properties behave similarly, impact strength 
(Figs. 23 and 24), as expected, exhibits the greatest sensitivity to 
structural variations brought about by changes in hardenability and 
quenching rate. The inferior properties resulting from ineffective 
hardening (i.e., insufficient hardenability for given quenching condi- 
tions) are evident. With sufficient hardenability to obtain maximum 
hardening, optimum properties are achieved, but further increases in 
hardenability result in a diminution of properties from the optimum 
values attained. Some discrepancies appear in these interpolated 
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Fig. 22—-Comparison of Per Cent Reduction of Area at 145,000 Psi Tensile 
Strength (Approx. Brinell 300) at the Center of Double End-Quenched and Tempered 
D.E.Q. 2%, 3%, 5% and 7% by 2-Inch Diameter Specimens and of Immersion- 
Quenc hed and Tempered i-Inch Rounds with ‘‘Hardenability’’ Number for 0.30% Car- 
bon Cast Mn-Cr-Mo Steels, from Mechanical Test Data in Tables II: and III, Interpo- 
lated or Extrapolated Where Necessary. Circled figures show as-quenched center hard- 
ness Re scale. 1l-inch round values converted from BHN. 
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Fig. 23—-Comparison of Izod Impact Strength at 23 Re (Conv. Brinell 240) at 
the Center of Quenched and Tempered D.E.Q. 234, 3%, 5% and 7% by 2-Inch Diam- 
eter Specimens “with **Hardenability”’ Number for 0.30% Carbon Cast Mn-Cr-Mo Steels, 
from Mechanical Test Data in Table II, Interpolated or Extrapolated Where Necessary. 
Circled figures show as-quenched center hardness Rc scale. 


data, partially as a result of inaccuracies in the hardness data because 
of heterogeneity of the material. In particular, the Rockwell hard- 
ness data for the heat treated 1 by 1l-inch bars from which impact 
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Fig. 24—-Comparison of Izod Impact Strength at 32 Re (Conv. Brinell 
300) at the Center of Quenched and Tempered D.E.O. 2%, 3%, 5% and 7% 
by 2-Inch Diameter Specimens with “Hardenability’’ Number for 0.30% Car- 
bon Cast Mn-Cr-Mo Steels, from Mechanical Test Data in Table II, Interpo- 
lated or Extrapolated Where Necessary. Circled figures show as-quenched 
center hardness Rc scale. 
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Fig. 25—-Comparison of Per Cent Reduction of Area 
and Per Cent Elongation of Double End-Quenched and 
Tempered 0.30% Carbon Cast Mn-Cr-Mo Steels with As- 
Quenched Hardness. 


tests were obtained were erratic, with average values generally below 
those anticipated. Brinell hardnesses were unfortunately not ob- 
tained before the bars were machined. Accordingly, these impact 
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Fig. 26—Comparison of Izod Impact Strength of 


Double End-Quenched and Tempered 0.30% Carbon Cast 
Mn-Cr-Mo Steels with As-Quenched Hardness. 





data are not plotted in Figs. 23 and 24 since it appeared to be a 
questionable procedure to interpolate from Table IV. 

In Figs. 25 and 26, the three properties are compared at two 
hardness levels with as-quenched center hardness. While these graphs 
indicate again the impairment of properties accompanying ineffective 
hardening, the effect of overalloying can be shown only schematically. 

The generally lower level of properties which occurred in the 
heat treated l-inch rounds from the higher hardenability heats has 
not been studied. Possible association with quenching rate, incom- 
plete transformation, or with the solidification characteristics of the 
l-inch round versus the 24-inch bar are suggested lines of attack. 


MICROSTRUCTURE VERSUS HARDENABILITY, QUENCHING RATE, 
AND MECHANICAL PROPERTIES 


Two series of photomicrographs have been included to illustrate 
the effects of hardenability and quenching rate upon the microstruc- 
ture and mechanical properties of these seven 0.30% carbon heat 
treated, cast alloy steels: 
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Fig. 27—Change in Microstructure as Hardenability Is Increased, Quench- 
ing Rate Remaining Constant, as Obtained at the Center of the As-Quenched 
D.E.Q. 2% by 2-Inch Diameter Specimen. Effect of segregation upon trans- 
formation at each hardenability level is demonstrated, with cell area shown at 
left, intercell area at extreme right (see Fig. 28). Heat treatment: 1850 F— 
8 hours—air cool; 1700 F—2 hours—double end quench to 200 F—air cool. 
Etchant: 3% Nital. X 500. 


As-Quenched Center Hardness 


Alloy Steel **Hardenability”’ No. D.E.Q. 2% by 2-Inch Diam. 
a A-1 2426 24 Re 
b A-2 2583 27 Re 
c A-3 2939 42 Re 
d A-4 3386 49 Re 
e A-5 3620 51 Re 
f A-6 3896 51 Re 
& A-7 4206 51 Re 


*Intercell a 


“4 


ea is at left in this photomicrograph. 
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Fig. 28—Macrostructures of Heat Treated Cast Steels, at Same Locations 
as Shown in Fig. 27, Showing Extensive Segregation Which Is Present. Cen- 
ter of D.E.Q. 2% by 2-inch diameter specimen as-quenched. (Heat treatment: 
1850 F—8 hours—air cool; 1700 F-—2 hours—double end quench to 200 F—air 
cool.) Refer to Fig. 27 to observe microstructural details of cell and intercell 
areas. Etchant: 3% Nital. X 20. 


As-Quenched Center Hardness 


Alloy Steel “‘Hardenability’’ No. D.E.Q. 2% by 2-Inch Diam. 
a A-1 2426 24 Re 
b A-2 2583 27 Re 
c A-3 2939 42 Re 
d A-4 3386 49 Re 
e A-5 3620 51 Re 
f A-6 3896 51 Re 
g A-7 4206 51 Re 
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Fig. 29—Microstructure of Quenched and Tempered Alloy Steel A-4 
(“‘Hardenability” No. = 3386; 0.31% C, 1.66% Mn, 0.018% P, 0.015% S, 
0.53% Si, 0.55% Cr, 0.36% Mo) Versus Quenching Rate necroneng with 
Increasing D.E.Q. Length) as Obtained at the Center of (a) D.E.Q. 2% b 
2-Inch Diameter, (b) D.E.Q. 3% by 2-Inch Diameter, (c) D.E.Q. a by 2-Inc 
Diameter, and (d) D.E.Q. 7% by 2-Inch Diameter Specimens. leat treat- 
ment: 1850 F—8 hours—air cool; 1700 F—2 hours—double end quench to 200 F; 
(a and b) 1080 F—6 hours—air cool; (c and d) 1060 F—6 hours—air cool. 
Tempered to 300-325 BHN. Etchant: 3% Nital. x 500. 


1. Variable Hardenability — Constant Quenching Rate — The 
series of photomicrographs in Fig. 27 exhibit the change in the as- 
homogenized and quenched microstructure with increasing jarden- 
ability for a constant quenching rate, as obtained at the center of the 
D.E.Q. 23% by 2-inch diameter test bars. The marked segregation 
in these cast steels is illustrated in Fig. 28. 
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Table VII 


Impact Strength Versus Hardenability and Quenching Rate 
Variable Hardenability—Constant Quenching Rate 





Center—D.E.Q. 2% by 2-Inch Diameter Specimen 
Center Impact Strength—Ft-Lbs 





Alloy “*Hardenability”’ As-Quenched —————-Tempered to —— 
Steel No. Rc 240 B.H.N. 300 B.H.N. 
A-1 2426 24 18 

A-2 2583 27 19 ds 

A-3 2939 42 57 40 

A-4 3386 49 60 39 

A-5 3620 51 58 34 

A-6 3896 51 51 30 

A-7 4206 51 50 31 

Table VIII 


Variable Quenching Rate—Constant Hardenability 


Center—D.E.Q. Test Bar of Indicated Length 
Alloy Steel A-4 





D.E.Q. Center Impact Strength—Ft-Lbs 
Length “‘Hardenability” As-Quenched —- —Tempered to - 
Inches No. Re 240 B.H.N. 300 B.H.N. 

2% 3386 49 60 39 

3% 3386 48 o4 40 

5% 3386 40 45 20 

7% 3386 36 30 9 

> 


2. Variable Quenching Rate—Constant Hardenability—In Fig. 
29 the change in the as-tempered microstructure with decreasing 
quenching rate at one hardenability level is demonstrated, as obtained 
at the center of the four double end quench bars (23% to 7% inches 
long) from alloy steel A-4. 

For comparison, the impact properties at these locations, after 
tempering of the as-quenched structures where possible to Brinell 
240 and 300, are summarized in Tables VII and VIII. 

While the investigation had not progressed to the extent of 
rating quantitatively the occurrence and disposition of the structural 
constituents in relation to the level of properties which obtain, the 
general effects of increasing hardenability and/or increasing quench- 
ing rate are evident from these photomicrographs. In the as-quenched 
condition, the marked segregation of these heat treated cast steels 
is manifested in the lower temperature transformation products in 
the intercell® “areas’”’ (a result of the increased localized hardenabil- 
ity from this segregation) as compared with the cells proper (Figs. 
27 and 28). 

( 5Cell is considered here to be synonymous with the austenite grain formed upon solidi- 


fication (i.e., the as-cast austenite grain). The intercell “‘areas’”’ refer to the contiguous 
cell surfaces and closely adjacent material where maximum segregation is found. 
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The predominantly upper bainitic (acicular ferritic) structures 
shown in Fig. 27 for the two steels of lowest hardenability develop 
extremely inferior properties after tempering, as expected for such 
underhardened materials. There is marked improvement in the me- 
chanical properties as hardenability is increased with correspondingly 
greater hardening during quenching, as evidenced by further lower- 
ing of the temperature at which transformation begins and observed 
microscopically by the increasing presence of the lower temperature 
products (intermediate bainite, lower bainite, and finally martensite ) 
and the progressive replacement of higher by lower temperature reac- 
tion products. As anticipated, optimum properties are developed with 
sufficient hardenability to permit maximum hardening. With further 
increases in hardenability, the properties begin to deteriorate. 

Microexamination of these higher hardenability heats shows the 
increasing presence of a lighter etching intercell network which seems 
to be only partially transformed to martensite. The suspected pres- 
ence of retained austenite was checked by X-ray diffraction tech- 
niques. This work is incomplete, since only the center of the as- 
quenched D.E.Q. 77% by 2-inch bar from alloy steel A-6 had been 
investigated, but the “200” and possibly the “111” lines of austenite 
were observed, together with the expected ferrite pattern. Micro- 
scopically, the presence of this austenite could not be verified con- 
clusively. No accurate estimates can be made as to the extent of 
retained austenite in other sections or compositions, but it is likely 
that even increased amounts exist after quenching in the more highly 
alloyed steel ““A-7”. It is also probable that the amount of retained 
austenite will be greater in the corresponding tempered bars before 
tempering, since these were quenched only to 200 F (95C), while 
the pilot bars were subsequently cooled to room temperature, While 
the desirability of cooling to room temperature before tempering to 
obtain more complete transformation of the austenite is suggested, 
this is usually not feasible for the higher alloyed steels because of the 
added hazards of cracking. 

While the extent to which retained austenite is present in the 
several sections and compositions has not yet been determined, the 
presence of this constituent may well explain the impairment of 
properties with higher hardenability. The formation of undesirable 
products with inferior properties may occur by the decomposition of 
this austenite during heating to the tempering temperature or, if this 
is avoided, during the tempering treatment proper. 
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While subject to verification with considerable additional data, 
the present results (Fig. 24) suggest that, for heavier cast sections, 
the maximum obtainable properties tend to decrease with increasing 
section for the heat treatment employed in this investigation. This 
appears plausible since the hardenability requirements increase with 
section with a correspondent increase, above an undetermined hard- 
enability level, in the amount of retained austenite after quenching 
in the ‘‘overalloyed” intercell areas. 

This would suggest that, for optimum properties, there is an 
optimum hardenability for each section, lower hardenability reduc- 
ing the level of properties by the presence of inferior higher temper- 
ature transformation products and higher hardenability introducing 
deteriorating complications by the increased presence of austenite 
untransformed during quenching but transforming to undesirable 
structures during the tempering cycle. 

For full size sections, retained austenite may have a less detri- 
mental effect upon properties. Such castings, heating more slowly 
to the tempering temperature because of their mass, will provide 
greater opportunity for transformation of this austenite to more de- 
sirable lower temperature products (as, for example, the lower bain- 
ites) which will subsequently be tempered. Dual tempering treat- 
ment has been suggested (holding first at some lower temperature 
before proceeding to the selected tempering temperature) to assure 
transformation of such austenite to relatively desirable structures. 

Several other variables which might influence the’ observed de- 
terioration of properties at these higher hardenability levels have 
been proposed, including the possible deleterious effects (a) if sec- 
ondary hardening occurs during tempering, (b) if temper brittleness 
is encountered, and (c) if micro cracks develop during quenching. 
While the first two have not been investigated, no evidence of the 
latter was observed in the double end quench test bars. 

The second series of photomicrographs (Fig. 29) need little 
comment. These are tempered structures, but the increasing pres- 
ence of higher and higher temperature transformation products as 
quenching rate is decreased is clearly evident. 


POSSIBLE LIMITATIONS OF THE TEstT BAR METHOD 


While the observed relationships of quenching rate and harden- 
ability to mechanical properties as demonstrated with the double end 
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quench technique serve to delineate the effects of these several vari- 
ables, caution must be used in translating these results to predict the 
behavior of full-scale sections. The main apparent limitation of the 
present test bar technique has been emphasized, viz., the lack of as- 
surance of heterogeneity similar to that of heavy sections with dif- 
ferent solidification characteristics. As heterogeneity (9) is a factor 
influencing hardenability, this may become an important considera- 
tion in testing cast steels although it may be negligible for hot- 
worked alloys of similar composition. The possible extent of the 
effect of this variable has not been investigated. Sound double end 
quench specimens machined from full-size plates might be employed, 
but this introduces an enormous amount of additional effort to obtain 
comprehensive surveys such as have been presented here. Further- 
more, the securing of microscopically sound material in larger plate 
sections, while not insurmountable, is difficult of attainment. If 
properties reflecting all of the variables in actual plates are required, 
however, double end quench specimens machined from these sections 
would minimize the handling of unwieldy, heavy pieces. 

A second factor that should be considered in an attempt to cor- 
relate test bars and plates is the effect that different thermal stresses 
might have upon the transformation characteristics of a given aus- 
tenite. Equal cooling rates are no assurance of equal stresses in two 
different castings. 

Finally, the double end quench bar was developed specifically to 
match the thermal histories at the center of flat plates. The correla- 
tion for other sections has not been determined. Considerable dis- 
crepancy appears in the respective shapes of the cooling curves for 
water-quenched rounds and double end quench test bars, but closer 
matching for oil-quenched rounds is suggested by the available com- 
parisons. The possible modifications in the shape of the test bar 
and/or of the quenching technique which might permit correlation 
with these and other types of sections may be such as to limit the 
broader application of the technique. 


SUMMARY AND CONCLUSIONS 


The mechanical properties at selected hardness levels of seven 
0.30% carbon heat treated cast alloy steels have been evaluated at 
the center of four double end quench specimens, whose center 
quenching rates correspond closely to those which obtain at the cen- 
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ter of water-quenched flat plates approximately 2, 4, 6, and 8 inches 
thick. While the several properties behave similarly, impact strength 
is, aS anticipated, the most sensitive of these variables to structural 
changes brought about by modifications in hardenability and quench- 
ing rate. The impaired properties associated with the higher tem- 
perature transformation products (in particular, acicular ferrite) 
resulting from insufficient hardenability for a given quenching rate 
to attain maximum hardening are demonstrated, together with the 
optimum properties obtained when hardenability is increased suff- 
ciently to provide maximum hardening. With further increases in 
hardenability some deterioration in the properties is observed, pos- 
sibly associated with the increasing presence of austenite, retained 
upon quenching in the areas of maximum segregation, which is sub- 
sequently transformed to undesirable constituents during tempering. 
The data suggest that, for each particular rate of cooling, as deter- 
mined by section size, optimum properties are associated with the 
minimum hardenability necessary to obtain maximum as-quenched 
hardening. 

While a separately cast test bar may provide identical quenching 
rates and composition it does not assure heterogeneity similar to that 
of heavy sections with different solidification characteristics. The 
effect upon hardenability and mechanical properties may become an 
important consideration in testing cast steels, and it cannot be as- 
sumed that the test bar properties will necessarily be attained in the 
corresponding plate. The extent of the possible deviation has not, 
however, been investigated. 

Further work appears desirable to delineate the relation of the 
several structural constituents to mechanical properties and to study 
variations in heat treating techniques to obtain improved properties 
in the heavier sections. A parallel investigation of heavily forged 
steels of similar compositions may serve to delineate the deleterious 
effects of the marked segregation observed in these cast steels and 
should be examined with respect to the reported conclusion that 
heavy sections cannot be quenched at sufficient velocities after tem- 
pering to suppress low temperature temper brittleness. 
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DISCUSSION 


Written Discussion: By Robert M. Parke, Climax Molybdenum 
Co. of Michigan, Detroit. 

Messrs. Wilks, Avery and Cook are to be complimented for obtaining 
some valuable data on cast steels—data which are difficult to secure un- 
der carefully controlled conditions. 

The authors have concluded that the optimum mechanical properties 
are developed in cast steel when the hardenability of the steel is the mini- 
mum which produces full hardening for the cooling rate involved. This 
conclusion is fully substantiated by the authors’ data, and is significant. 

The underlying cause for the phenomenon is attributed by the authors 
largely to austenite retained after the quench or to temper brittleness. It 
is true, as Timmons* has shown, that a manganese-molybdenum cast steel 
(0.28% carbon, 1.62% manganese, 0.37% molybdenum) is susceptible to 
temper brittleness, and it is also true that the susceptibility to temper 
brittleness increases with increase in hardenability, as Hollomton’ has 
pointed out. Yet, in the present instance it does not appear that temper 


*G. A. Timmons, “Factors Affecting the Ductility of Cast Steel,’ Transactions, Amer- 
ican Foundrymen’s Association, Vol. 51, 1943, p. 417. 


7J. H. Hollomon, “‘Temper Brittleness,"” Transactions, American Society for Metals, 
Vol. 36, 1946, p. 473. 
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brittleness is the major cause of the depreciation in physical properties 
when the hardenability is in excess of that needed. In general, temper 
brittleness is not revealed so clearly as a reduction of ductility in the ten- 
sile test, as it is in the data of Wilks, Avery and Cook. It seems, there- 
fore, that at least a part of the unknown cause is to be found elsewhere, 
for example, in the retained austenite, which the authors have shown to 
be present in the quenched steel. 

In any event, a knowledge of the existence of an optimum harden- 
ability can at once be put to good use in castings of invariant cross- 
sectional area, such as plates. For more complicated castings one should 
seek to obtain hardenability with elements which, when present in excess, 
do not adversely affect the physical properties. 

Written Discussion: By N. A. Matthews, works metallurgist, Electro- 
Alloys Division, American Brake Shoe Co., Elyria, Ohio. 

The authors have presented a large quantity of valuable data per- 
taining to the problem of attaining a maximum combination of strength 
and toughness in heat treated steels of comparatively heavy section. The 
hardenability “number” concept described appears to be a simple means of 
relating the relative depth hardening characteristics of steels. 

The unmistakable evidénce presented that parts may be overalloyed 
for best results is of great importance. The mechanism for this effect 
which is presented, namely the incomplete transformation of the austenite 
upon cooling from the austenitizing temperature, is probably correct and 
agrees with other experience on comparable analyses. There is evidence that 
homogenization at higher temperatures may reduce this effect of overalloy- 
ing, especially in steels comparatively high in chromium content. 

The problem of serious temper brittleness developing in overalloyed 
steels must also be considered but probably was not involved in this in- 
vestigation because the small sections tempered cooled comparatively rap- 
idlv in air from the tempering temperature. 

There are many parts made today which, as this paper suggests, are 
overalloyed for best results. Every now and then one reads that temper 
brittleness and related maladies are not troublesome in conventional mod- 
erately alloyed steels. However, if a complete understanding is obtained 
of the relationships among these effects, impact properties and service 
performance, it often develops that such maladies are of paramount impor- 
tance in many highly stressed parts subjected to shock or fatigue. 

Written Discussion: By John G. Kura, research engineer, Battelle 
Memorial Institute, Columbus, Ohio. 

In Table VIII, the 3%-inch D.E.Q. test piece produced maximum 
Izod-impact values upon tempering to 240 and 300 BHN. Although these 
maximum values are not greatly out of line, they do appear to be signifi- 
cant. Is there an explanation for this? 


Authors’ Reply 


It is gratifying that both Mr. Parke and Mr. Matthews also consider 
that the underlying cause of the impairment in properties, associated with 
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further increases in hardenability beyond that necessary to achieve maxi- 
mum hardening, is at least in part the result of retained austenite after 
quenching. Their discussions of temper brittleness are appreciated but 
lead us to believe that our mention of this phenomenon has created the 
impression that we consider this a possible primary reason for the pres- 
ent impairment of properties. This is not the case, however, it being our 
opinion that it is only one of several factors which have doubtful signifi- 
cance in this investigation. 

In reply to Mr. Kura, several hypotheses (e.g., the possibility of less 
retained austenite with slower cooling) might be advanced to explain the 
maximum impact properties at 240 and 300 BHN in the D.E.Q. 3%-inch 
specimen of alloy steel A-4, if the indicated superiority is significant. 
While 64 ft-lbs. (D.E.Q. 3% inch) vs. 60 ft-lbs. (D.E.Q. 2% inch) 
might be significant for wrought stock, the marked heterogeneity of cast 
materials places these variations within experimental error. In particular, 
these values were obtained by minor interpolation or extrapolation of the 
data in Table II. The hardness values are averages in each case of sev- 
eral determinations, which varied at least +1 Rc. Impact strength is the 
average of three tests; examination of these data indicates that the median 
variation was 3.5 to 4.0 ft-lbs. 





A LABORATORY STUDY OF QUENCH CRACKING 
IN CAST ALLOY STEELS 


By M. C. Upy anp M. K. BARNETT 
Abstract 


Alloy steels, when fully quenched, frequently exhibit 
cracking either during or shortly after the quenching op- 
eration. A laboratory test has been developed to demon- 
strate the effects of chemical composition and heat treat- 
ment variables upon the sensitivity of steel to quench 
cracking. 

Composition was the most potent variable studied 
and, of the individual elements promoting cracking, car- 
bon was the most powerful. Manganese, chromium, and 
phosphorus appeared to be detrimental, but to a lesser 
degree than carbon. Sulphur, silicon, nickel, molybdenum, 
and aluminum, in the ranges studied, showed little, if any, 


effect. Normal boron additions had no effect on cracking 
tendency. 


High austenitizing temperatures increased the tend- 
ency to crack. Prolonged austenitizing periods just be- 


fore quenching or a prior high-temperature homogenizing 
treatment lessened somewhat the cracking tendency. 


INTRODUCTION 


HEN it is necessary to fully harden alloy steel by quenching, 

particularly massive, irregularly shaped parts, special atten- 
tion must be paid to the problem of quench-crack elimination. In the 
production of a particular part, the problem is, to some extent, one 
of designing the part in such a manner that temperature and stress 
gradients during cooling will approach that minimum consistent with 
the utility of the finished product. However, insofar as sensitivity 
to quench cracking is an inherent function of the steel, which, for a 
given design of a part, may manifest itself to varying degrees with 
variations in composition, melting and molding technique, and heat 


This paper is based on work done for the Office of Scientific Research and Development 
under contract OEMsr-450 with Battelle Memorial Institute. 


A paper presented before the Twenty eighth Annual Convention of the 
Society, held in Atlantic City, November 18 to 22, 1946. The authors, M. C. 
Udy and M. K. Barnett, are research engineers, Battelle Memorial Institute, 
Columbus, Ohio. Present connection of M. K. Barnett is assistant professor, 
Department of Mathematics, University of Dayton, Dayton, Ohio. Manuscript 
received May 2, 1946. 
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treating practice, the problem lies in the realm of metallurgy. It 
is this metallurgical aspect with which the present paper is concerned. 

The process of “martempering,” which consists of quenching a 
piece in molten salt or some other suitable medium to some tempera- 
ture above the martensite transformation point, holding it at that 
temperature until temperature gradients have been evened out, then 
air cooling or quenching it to room temperature, has been used as a 
method of eliminating quench cracks. However, this process has its 
disadvantages and limitations. It is difficult to install in some plants 
because of the large size of the necessary equipment. Different 
steels need different temperatures for the salt quench. For large 
massive pieces, the process becomes ineffective, because the time 
necessary to establish a uniform temperature in the piece becomes 
longer than the time to start transformation at the salt-quenching 
temperature. Very sluggish austenite, i.e., a highly alloyed and hence 
expensive steel, is needed in order that the cooling rate of the salt 
quench will suffice to prevent transformation of austenite at the 
center of heavy sections. Finally, the cost of such a process is much 
greater than that of a straight quenching operation. For these rea- 


sons, only straight quenching has been considered in the work herein 
discussed. 


EXPERIMENTAL WorK 


Some 120 steels have been tested. All test material was pre- 
pared as 300- to 600-pound heats made in a basic-lined induction 
furnace from steel scrap (or ingot iron), ferroalloys, nickel, and 
graphite. Except in those heats devoted to the influence of deoxi- 
dation practice, all heats were deoxidized with 2 pounds of aluminum 
per ton (0.10%). The metal was cast as single-leg keel-block cast- 
ings. The leg of the block, 114 inches square and 15 inches long, 
was used for test purposes. 

The test specimens employed throughout the work were cylin- 
ders 2 inches long and 1 inch in diameter. Saw cuts ;; inch wide 
and of equal depths were cut along the axis in both ends of each 
cylinder. The two cuts were in the same plane. The depth of cut 
varied, in increments of % inch, from % inch to % inch. In most 
cases, specimens with all seven notch depths were tested in dupli- 
cate. The %-inch notch was omitted in some cases. 

The testing procedure consisted in placing the specimens in cov- 
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ered graphite crucibles, holding the desired time at the desired tem- 
perature, withdrawing the crucible from the furnace, quickly remov- 
ing the cover, and depositing the specimen in a quenching jig sup- 
plied with flowing water. The jig consisted of a 1%4-inch diameter 
vertical pipe, equipped with specimen guides which were topped by 


eee TE 








TYPE | \ / twee 2 


END ENTERING QUENCHANT FIRST 





TYPE 3 TYPE 4 
Fig. 1—Typical Crack Patterns. 


a sheet metal funnel. The top of the funnel extended 8 inches above 
the surface of overflowing water. In quenching, the graphite cruci- 
ble was inverted in contact with the top of the funnel. Thus, the 
height of fall of the specimen was held constant, and its vertical 
position was maintained during and subsequent to entry into the 
quenchant. Specimens remained 30 seconds in the quenching water. 
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Fig. 2—Typical Crack Patterns. 


Specimens were etched within a few hours after quenching. Etching 
was by 1l-hour immersion at 160 to 180F in a mixture of 50% 
water, 38% hydrochloric acid, and 12% sulphuric acid. After wash- 
ing and drying, the specimens were split open by forcing a wedge 
into the end which entered the quench water last. The cracked zones 
of the fractures were readily differentiated by their etched appear- 
ance. 

Typical crack patterns observed in the split specimens are illus- 
trated in Fig. 1. Fig. 2 is a photograph of the same typical cracks. 
The central specimen is unquenched and unsplit. It shows location 
of the notches. In every case where the crack failed to extend over 
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the entire length of the unnotched zone, the crack started at the end 
which entered the quenchant last. Cracks sometimes lacked the 
symmetry of those shown in Fig. 1, and extraneous cracks some- 
times occurred in the sides of the notch. 

The original plan was to take the shallowest depth of notch at 
which cracking occurred as the indication of cracking sensitivity. 
However, as the work progressed, it became evident that this index 
was prone to give too much weight to accidental cracks. An index, 
consisting of the summation of the lengths of the cracks in all seven 
specimens (averaged in the case of duplicate specimens) was found 
to be more reliable. Statistical methods were used to good advantage 
in the interpretation of the data. 

Series of tests were made to study the effects of following vari- 
ables on quench-crack sensitivity. 

Carbon content 

Alloy content (Mn, Si, Mo, Cr, Ni, P, S, B) 
Deoxidation 

Heat treatment 

a. Prior treatment 


b. Austenitizing time 
c. Austenitizing temperature 


&envr 


Table I 
First Series. Influence of Variations in Carbon Content on Quench Crack Susceptibility 





Quench Cracking Index*—I’ = (8 — n) (n = notch depth (% inch) of shallowest notched 
specimen to exhibit cracking.) I’ = 0 for no cracks. 


Analy sis, % 


Heat No. 3s Mn Si Cr Ni Mo Others r 
10404-1 0.23 0.82 0.35 0.52 0.55 Ges . wxaeck 0 
-2 0.29 = - - = ae Oe 0 

-3 0.34 “ “ “ “< _ a ee A 0 
10405-1 0.23 1.50 0.40 re zak rer 0 
-2 0.27 - ” bine bees tee ee 0 

-3 0.33 - - eee a shee eee. 0 
10406-1 0.26 1.00 0.41 0.52 ‘iat ae ee 0 
-2 0.28 ” s ” ais RPS IS laeteakee 0 

-3 0.32 «e ce «e ee ee 3 
10407-1 0.23 1.15 0.41 0.39 0.0025 B 0 
-2 0.25 ” - - as 0 

-3 0.35 = eit oitaea ” FeB 0 
10973-1 0.24 0.83 0.60 0.51 0.56 ae —- weeaes 0, 0 
x 0.26 “ ry ““ “é Oe Pe Ge 0, 0 

-3 0.28 = a — re | noe 0, 0 

-4 0.30 - 7 ii eo wo). aes ae 0, 0 

-5 0.32 0.82 0.60 = 2 i= a al 3,3 


Ditto marks indicate that actual analysis for the particular element was not made 
but is assumed to be the same as a prior split of the same heat. 

P in Heats 10404 to 10407, inclusive, was about 0.01% and S about 0.025% as judged 
by analysis of similar heats made with the same melting stock. P and S in Heat 10973 
were 0.019% and 0.025%, respectively. 

All heats were deoxidized with 0.10% Al. 


“This index is not the same as that used in Tables IV, VI, VIII, and IX and is not 
directly comparable with that index. 
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Table Il 


Second Series. Influence of Alloy Variation on Quench Crack Susceptibility 
(0.30 Carbon Level)t+t 











Quench Cracking Index*—I’ = (8 — n) where n = notch depth of shallowest notched 


specimen to crack. 
Oe Anal ysis, Se xcrxry 
Al 
Heat No. C Mn Si P S Cr Ni Mo Added Others I’ 
10492 0.30 O82 061 0.011 0.026 O51 0.51 040 0.10 0.07 Cu, 0 
0.01 Sn 
10493-1 0.30 0.55 0.56 0.009 0.022 0.50 0.50 O41 O10. .... 0 
-2 oa 1.36 “ “ e “ se ad 0.10 3 
-3 oe 1.82 iad a ad “e ay < 0.10 3 
10494-1 0.28 0.89 0.26 0.008 0.022 052 O51 0.39 0.10 0 
-2 é ay 0.98 aay “ se ad ? 0.10 0 
af “ “e 1.55 “ “ “ “e “eé 0.10 0 
10659-1 0.30 0.80 0.61 0.045 0.029 0.48 0.53 0.42 0.10 4 
-2 a) ay “ 0.056 ad oe oe es 0.10 4 
a “ “é “ 0.069 “ “e “é ae 0.10 4 
10495-1 0.28 0.87 062 0.018 0.026 050 0.51 0.41 £40.10 3 
-2 ‘. ad “ 0.144 cry ry “ se 0.10 3 
3 “ a) ad 0.230 ad ad sé ae 0.10 3 
10496-1 0.30 0.82 0.58 0.010 0.034 0.51 0.50 0.40 0.10 0 
-2 i = = = 0.042 7 ” e 0.10 0 
a “ “ “ “ 0.053 “ “ aa 0.10 0 
10497-1 0.29 0.83 0.52 0.011 0.022 0.08 0.69 0.39 0.10 0 
-2 se “é “ “ “ 1.11 “ ss 0.10 0 
a “ee “ ‘ “é “ee 1.41 “e “é 0.10 0 
10498-1 0.30 1.81 0.57 0.010 0.024 0.03 0.51 0.40 80.10 5 
-2 “ ay ay oo “ 0.89 a] a] 0.10 6 
3 “es sé sé “ or 1.56 “e sé 0.10 5 
10499-1 0.29 O82 0.59 O.010 0.028 0.60 0.04 0.39 £0.10 0 
-2 _ = = 7” - ; 1.00 Pe 0.10 0 
-3 Ks _ ' € - 1.48 = 0.10 0 
10500-1 0.29 0.84 0.6 0.014 0.033 0.50 0.53 0.00 0.10 0 
-2 ” ” ” ~ - e Vs 0.20 80.10 0 
-3 = - ~ vr = - ” 0.60 0.10 0 
10501-1 0.30 0.83 0.58 0.009 0.027 0.51 0.56 0.39 0 0 
e “ ““ se * ot “ “ ss 0.025 0 
aa “ “ee ‘ « “ “ “ “ 0.050 ae 0 


Ditto marks indicate that actual analysis for the particular element was not made 
but is assumed to be the same as a prior split of the same heat. 





*This index is not the same as that used in Tables IV, VI, VIII, and IX and cannot 
be directly compared with that index. 
?Compare Tables II and II for influence of carbon. 


EXPERIMENTAL RESULTS! 


The range of sensitivity of the test was rather limited. That 
is, it did not take much change in composition to have the test show 
no cracks in any specimen as one extreme, or to show cracks in all 
specimens as the other extreme. No good method was found to ex- 
tend the range of usefulness of the test. 

Table I gives the composition and cracking indices of a series 
of tests made on steels of similar hardenability and varying the car- 
bon content. These steels were not very susceptible to cracking. But 
from these results, as well as by comparing Tables II and ITI, it can 


1More detailed presentation of the data is given in O.S.R.D. Report No. 4667, Serial 
No. M-465. 
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Third Series. Influence of Alloy Variation on Quench Crack Susceptibility 


(0.35 Carbon Level)+ 


Quench Cracking Index*—I’ = (8 — n) where n = notch depth of shallowest notched 

specimen to crack. 

0c Analysis, > 
: Al 

Heat No. Cc Mn Si P S Cr Ni Mo Added Others 
10755f 0.35 0.90 0.59 0.024 0.035 0.51 ’ 0.41 0.10 
10635-1 0.33 0.54 0.60 0.012 0.023 0.45 is 0.42 0.10 
- - 1.34 os ” = ” a “i 0.10 
se 1.82 7) se es a7 ‘a7 0.10 
0.34 0.86 ‘4 0.013 0.028 0.46 53 0.42 0.10 
" 93 4 ~ Fi - 0.10 
ee a) oe 0.10 
0.32 8 7 0.043 0.029 0.45 5. 0.42 0.10 
- : 0.057 = ” "= 0.10 
7 ™ 0.066 = = 0.10 
0.33 0.58 0.013 0.035 ‘ 0.5: 0.42 0.10 
- ” - 0.047 : an 0.10 
4 0.055 . 0.10 
0.35 0.59 0.013 0.026 5 0.10 
_ = - ” 0.10 
0.10 
0.34 0.56 0.013 0.025 } 0.10 
™ _ - “§ 0.10 
: 0.10 
0.64 0.010 0.029 0: 0.10 
- ng = 0.10 
ea 0.10 
0.34 0.83 0.58 0.012 0.033 . Nil 0.10 
ss “ 66 “ “ ‘ 0.22 0.10 


— 
> 


R 
a“ 
JD, 
Ww do Ww do 


od se aI 


10639- 


10640 


ry sé ‘ 


10641 


2 
3 
2 
-3 
“I 
2 
3 
1 
3 
2 
3 
2 
3 
2 
3 


10642- 
10643- 0.33 


“e “ “e se “e 


MmaOUUMUUMAOL DAOUUUMAUWUUNUNUN OW 


10648- 


-~ 
Q 


“es “ a se 


ow 


as ; , 0.62 0.10 
0.33 0.82 0.61 0.009 0.027 Se 0.42 0.0 
es 7) a a] . se 0.025 
= 0.05 osee 4 
Ditto marks indicate that actual analysis for the particular element was not 
but is assumed to be the same as a prior split of the same heat. 


10649- 


> 


a « “e se «é 


made 


*This index is not the same as that used in Tables IV, VI, VIII, and IX, and is 
not directly comparable with that index. 


tCompare Tables II and III for influence of carbon. 
110755 has higher P than other heats in the series where P was not intentionally added. 


be seen that carbon is a potent variable in the promotion of cracking. 

Tables II and III give the compositions and cracking indices of 
two series of steels intended to be identical except for the level of 
carbon content. Within the series, manganese, silicon, sulphur, phos- 
phorus, chromium, nickel, molybdenum, and aluminum contents are 
varied. No significant effect on cracking could be noted for silicon, 
sulphur, nickel, or molybdenum in the ranges studied. No differences 
could be noted between silicon and aluminum deoxidation as prac- 
ticed. Manganese and chromium increased cracking sensitivity as 
their contents were increased to 3%. High phosphorus (over 0.02% ) 
also promoted cracking. 

Table IV gives the composition and cracking indices of a series 
of steels made especially to study the effect of phosphorus. The 
previously noted bad effect of phosphorus was again evident. 
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Table IV 
Fourth Series. Influence of Variations in Phosphorus Content on Quench Crack 
Susceptibility 
(Quench Cracking Indext I = Z(d) denotes sum of crack depths, in sixteenths of an 


inch, of six specimens of each group.) 
Crack Depth ( Inch) at Designated 


Heat and P, ———Notch Depth, Inches——_, I 
Split No.* % \% ¥% WA % % % (7s Inch) 

163-1A 0.003 0 0 0 0 0 0 0 

-1B ” 0 0 0 0 0 0 0 

-1C = 0 0 0 0 0 0 0 

163-2A 0.007 0 0 0 0 0 0 0 

-2B = 0 0 0 0 0 0 0 

-2C = 0 0 0 0 0 0 0 

163-3A 0.014 0 0 0 0 0 0 0 

-3B va 0 0 0 0 1 0 1 

-3C 3 0 0 0 0 0 0 0 

163-4A 0.050 0 0 1 1 1 1 4 

-4B = 0 0 0 6 l l 8 

-4C ” 0 0 0 0 1 l 2 

163-5A 0.129 0 0 1 1} 1 12 4 

-5B - 0 0 3 2 }1 1 7 

-5C 4 0 0 0 2 12 11 4 


(Note: Superscript “*”’ denotes 3 to 6 extraneous cracks appearing on face of notch.) 


Heat and Added 
Split No.* Cc Mn Si P S Cr Ni Mo Al 
163-1 0.30 0.80 0.46 0.003 0.027 0.52 0.50 0.67 0.10 
xc 0.30 a “ 0.007 Ty oe “ * 
-3 0 30 iri J 0.014 a) ia) cay cry “ 
-4 0.30 “ “ 0.050 “ “ “ ry “ 
<5 0.30 se ee 0.129 cad se se “e a7 


Ditto marks indicate that actual analysis for the particular element was not made 
but is assumed to be the same as a prior split of the same heat. 


tThis is not the same index as used in Tables I, II, III, and V and is not directly 
comparable with that index. 


Table V contains the compositions and indices of a series of 
miscellaneous high-alloy steels. The bad effects of carbon and man- 
ganese are again evident. 

Table VI contains the compositions and indices of a series of 
steels made primarily to study the effect of boron on cracking sus- 
ceptibility. No significant effect could be noted. 

Table VII gives the composition of a series of steels made pri- 
marily to study the effects of variation in heat treatment practice on 
cracking tendencies. Table VIII gives the heat treatments and the 
resulting cracking indices for this series. Table IX gives the com- 
position, heat treatment, and cracking indices of some additional steel 
made for the same purpose. 

Substitution of an homogenizing treatment (8 hours at 2300 F) 
for an ordinary normalizing one (2 hours at 1700F) decreased 
quench-crack susceptibility somewhat. 
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Table V 
Fifth Series. Quench-Cracking Characteristics of High-Alloy Steels 





Quench-Crack Index*—I’ = (8 — n) where n notch depth (% inch) of shallowest 


notched specimen to crack. 











Heat ——— -Analysis,! %- \ 
No. G Mn Si P S Cr Ni Mo Others r Remarks 
10529 0.37 0.71 0.41 0.014 0.025 1.08 1.55 0.46 0.15V ‘7% Cc 
10616 0.28 0.63 0.35 0.012 0.023 1.06 1.51 0.47 O15 V 3. f comparison 
10530 0.28 1.51 0.38 0.014 0.033 1.56 .... O61 .... et 
10638 0.28 1.61 0.37 0.017 0.031 1.54 .... O58 .... s jf Duteates 
10531 0.26 1.51 0.45 0.016 0.031 085 .... 0.47 0.002B 4 

added 
105322 Oe Oe ee ee Ber wk nuk cose cous 3 | Mn 
10637 en “ee WE oscs cece - dose © dente 6 J comparison 
10533 a ee re ee US le Eee 
10534 Om 152-03) G014 O02 258 .... 051 .... 5 
10617 0.30 1.54 0.47 0.014 0.025 2.05 0.97 0.45 .... 63 
10618 0.29 2.50 0.54 0.024 0.026 1.97 1.01 0.50 .... & | Mn 
10619 0.28 3.49 0.53 0.025 0.024 2.07 1.00 0.52 .... 7 f comparison 


1Fach heat deoxidized with 0.10% Al, except 10533 to which 0.075% Al was added. 

*Data from quenching jig where quenchant is applied to all portions of specimen 
simultaneously. 

*Extraneous cracks on side of notch in addition to crack in unnotched portion. 


*This index is not the same as that used in Tables IV, VI, VIII, and IX and is not 
directly comparable with that index. 





Table VI 
Sixth Series. Influence of Variations in Boron Content of Quench Cracking 


(Quench Cracking Index* = I x(d) denotes sum of crack depths, in sixteenths 
of an inch, of six specimens of each group.) 





" r Analysis, % (0.10% Al Added to All Heats)-———, 
eat 
No. e Mn Si P S Cr Ni Mo Added B Added as I 
168-1 Rae ee. es, OR Oe  OS4 . OG. cccte -~  * Whdewesecace 44,0 
2 0.34 oe = cn 7 = * ° 0.003 Ferroboron 44,0 
169-1 iS meh UR tS ee lee Oe ee rer ee 60, 16 
2 0.36 “ c “ “ - > r .002 Alloy At 13, 12 
170-1 a so ce: Ce eee GSS GAL..-isns,.  . Senkoedeasan 20, 8 
2 0.36 és “6 66 és ‘6 os es 0.002 Alloy B++ 9, 12 
171-1 a ee oe Meee. Oe ee OSA. GA ks | eeawakeed ees 44, 52 
2 0.40 ms @ e 7 - ” , 0.003 Ferroboron 42, 41 
i72-1 Dero, er Oost Ole Gas 654 CAO veces endscdvasten 40, 44 
2 0.38 “ “6 os ‘ “ “ 0° 0.00 Alloy A+ 59, 59 
173-1 0.37 0.79 0.36 0.014 0.020 0.45 0.54 0.41 case -. abe iieeeeen 47, 41 
2 0.37 6 “ és Pr sé ss ss 0.002 Alloy B++ 36, 36 
220-1 a en ee 6 Gee Gees Gee Cs> Gab. cscce —§ wivneeeanes< 0, 0 
-2 0.30 " “# Ps - H . ~ 0.003 Ferroboron 9,0 
222-1 See Gee 6G CGE OT GO | OST. OD nckcsk tencnccce ocd 12, 0 
-2 0.31 sig r fe r > ” 7 0.002 Alloy Br+ 0, 12 


*This is not the same index as used in Tables I, I], III, and V, and is not directly 
comparable with that index. 


G Mn Si Al Cu B Ca Zr Ti 
+Alloy A, % 0.05 7.5 3.4 13.0 1.7 0.54 ai 3.6 19.6 
++Alloy B, % ; Ze 37.66 7.16 ‘ 1.38 9.76 3.88 9.39 


Note: These are analyses of one particular lot of each alloy. Other lots will undoubt- 
edly deviate slightly from the percentages given. 
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Table VII 


Seventh Series. Compositions of Eight Heats Used for Study of Influence of Variations 
in Heat Treatment on Quench Cracking Susceptibility 


—_——_ Analysis, %—————_- —— ————~ 
: Al 
Heat No. Cc Mn Si P S Cr Ni Mo Added 
10901 0.30 0.89 0.51 0.024 0.019 0.50 0.52 0.45 0.10 
10902 0.28 1.75 0.48 0.012 0.021 0.00 0.52 0.45 0.10 
10903 0.28 1.73 0.49 0.015 0.022 1.46 0.53 0.43 0.10 
10900 0.33 0.84 0.39 0.022 0.023 0.49 0.66 0.47 0.10 
10904 0.34 1.85 0.49 0.009 0.020 0.003 0.55 0.42 0.10 
10905 0.33 1.77 0.48 0.009 0.020 1.50 0.54 0.40 0.10 
10906 0.30 0.79 0.31 0.010 0.021 2.46 0.003 0.51 0.10 
10907 0.31 1.69 0.37 0.022 0.028 1.48 0.00 0.53 0.10 


Table Vill 


Seventh Series. Influence of Variations in Composition, Pretreatment, and Austenitizing 
Treatment on Quench Cracking 





(Values of quench cracking index,* I = X(d). Z(d) denotes sum of crack depths 
(+: inch) of six specimens of each group.) 


-—— Quenching Treatment——, 


Heat No. and 1900 F 1675F 1450F 1675 F 
Pretreatment 1 Hr. 1 Hr. 1Hr. 4Hrs. Average | 
Heat 10900 
I. a 5 a as eee 55, 56 28, 24 55, 47 12, 0 34.6 
I ite as die Sa vinde toate aa teaeaae 29, 20 16, 8 6, 12 0, 0 11.4 
ST. 24 enn 56 autrdl od 6bbe waeede ddan ae 40.0 19.0 30.0 3.0 23.6 
Heat 10901 
a a a a a Se ga had 11, 11 9, 10 0, 0 0, 0 5.1 
ie ad kas eis las ih red weld 39, 26 5,0 0, 2 0, 0 9.0 
EE olson des ncuedn kn caleedsbacbabaces 21.7 6.0 5 0 7 
Heat 10902 
Se ee ae 16, 20 12, 8 8, 24 0, 0 12.3 
ee Cte edhe obec’ 29, 21 4,2 0, 4 0, 0 7.5 
ei eet en camanitnenan) ohne 21.5 5 11.5 0 9.9 
Heat 10903 
EE Wetec a bn bb eb dausdvcrvannadeepne 34, 46 13, 14 9,8 0, 13 17.1 
ET. sc cte ein ohh decaeelt es saedee's 16, 23 10, 11 ie 12, 14 12.0 
I nhehcutchescioukereeababaeehheaes 29.7 12.0 7 9.7 14.6 
Heat 10904 
i eed hes neiia deed ababianeses 33, 31 63, 32 48, 82 0, 16 38.1 
I a i a iso 37, 32 8, 13 11,7 0, 2 13.8 
Dy Psdu SAUER ts sbkesdeeucdaceducutaalod’ 33.2 29.0 37.0 4.5 25.9 
Heat 10905 
ES a ee ah eek bas oeesewnecesnas 73, 82 72, 84 45, 45 41, 40 €0.3 
a a a al he ee 46, 56 59, 54 43, 27 25, 16 40.8 
IR? Bacivedtetedsonscesesadneedseens ued 64.2 67.2 40.0 30.5 51.1 
Heat 10906 
Ne ee 83,72 35,35 14,0 38, @ 42.1 
EE din Hens ns cnc si nk oes dsaeeaees 36, 32 41, 36 0, 0 14, 20 22.4 
DT ‘lencadnedache baateooesnabecheunas 55.7 36.7 3.5 33.0 32.3 
Heat 10907 
<5 ken eek aes caw g eblines he bas 58, 58 34, 26 9,7 10, 2 25.5 
EE, ei od ks caee pens oe deen raeasured 39, 49 29, 28 4,4 11,5 21.1 
DT iin dive eens ene evesatonelentaes 51.0 29.2 0 7. 23.3 
Average, All Heats 
ee a ado dudas ul sae neneee 46.2 31.2 25.7 15.1 29.4 
DE ccctens dbigcatwhvodbeasosebaaede 33.1 20.3 8.1 7.4 17.2 
DEE . ddacedancneeineddbogeenssdenictexe 39.7 25.7 16.9 11.0 23.3 


*This is not the same index as used in Tables I, II, III, and V, and is not directly 
comparable with that index. 


EEE eee 
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Table IX 


Eighth Series. Chemical Analysis of Three Steels and Influence of Variations in 
Quenching Treatment on Their Quench Cracking 








Shedittinsnnnts Chemical Analysis, % 





Al 
Heat No. Cc Mn Si P S Cr Ni Mo Added 
36 0.32 0.82 0.47 0.907 0.018 0.48 0.63 0.41 0.10 
37 0.28 0.82 0.50 0.006 0.022 0.47 0.62 0.39 0.10 
38 0.34 1.68 0.54 0.012 0.018 1.51 0.55 0.42 0.10 
(Values of quench cracking index,” I +(d), i.e., sum of crack depths (74 inch) ob- 


served in six specimens of each series.) 


I 
ee  —Ouenching Treatment 
1 Hr. at 1900 F 1 Hr. at 1675 F 
Furnace-Cooled Furnace-Cooled 
1 Hr. at 1 Hr. at to 1675 F, 4 Hrs. at to 1450 F, 1 Hr. at 
1675 F, 1900 F, Held 20 Min., 1675 F, Held 20 Min., 1675 F, 
Heat Water- Water- Water- Water- Water- Oil- 
No. Quenched Quenched Quenched Quenched Quenched Quenched 
26 0, 0 22, 24 0, 0 0, 0 0, 0 0, 0 
37 0, 0 5.2 0,0 0, 0 0, 0 0,0 
38 84, 8&4 73, 82 70, 84 84, 61 78, 82 40, 40 


*This index is not the same as that used in Tables I, II, III, and V, and is not 
directly comparable with that index. 


Quench cracking susceptibility decreased as the austenitizing 
temperature is lowered from 1900 F through 1675 F, and as the 
austenitizing time at 1675 F was increased from 1 hour to 4 hours. 
Results with two heats indicated that the high quench-cracking tend- 
ency associated with the quench from 1900 F was alleviated by fur- 
nace cooling to 1675 F (after holding at 1900 F ), prior to the quench. 

The change in quench cracking susceptibility caused by varia- 
tion in the austenitizing temperature was equally evident when either 
the normalizing or the homogenizing treatment preceded the quench. 
On the other hand, the decrease in cracking susceptibility attending 
the increase in austenitizing time at 1675 F was somewhat less pro- 
nounced when the quench was preceded by the homogenizing treat- 
ment than when it was preceded by the normalizing treatment. 

The quench cracking susceptibility of material which has been 
normalized and then quenched after 4 hours at 1675 F appears to be 
of the same order of magnitude as that of material which has been 
first homogenized and then quenched after 1 hour at 1675 F. 

The decrease in quench crack susceptibility accompanying the 
substitution of the homogenizing pretreatment for the normalizing 
one is more pronounced for heats containing 0.35% carbon than for 
those containing 0.30% carbon. 

The decrease in quench crack susceptibility associated with in- 
creasing the holding time at 1675 F from 1 hour to 4 hours is more 





482 TRANSACTIONS OF THE A. S. M. Vol. 38 


Table X 


Cracking Tendencies of the Steels As Listed in the Order of Decreasing Martensite 
Transformation Temperatures (Calculated) 





Analysis Cracking 


Heat in Index 
No. Table 7° Ms (F)t 

10407-1 I 0 714 
10407 -2 I 0 703 
10533 V 0 696 
10405-1 I 0 693 
10499-1 II 0 692 
10404-1 I 0 680 
10406-1 I 0 680 
10973-1 I 0 678 
10497-1 II 0 672 
10405-2 I 0 671 
10643-1 Ill 0 669 
10406-2 I 0 669 
10493-2 II 3 667 
10973-2 I 0 667 
10499-2 II 0 664 
10500-1 II 0 663 
10494-1 II 0 662 
37 IX 0 660 
10495-1 II 3 659 
10495-2 II 3 659 
10495-3 II 3 659 
10500-2 II 0 659 
10901 VII 4 655 
10973-3 0 655 
10641-1 III 0 653 
10496-1 II 0 651 
10496-2 II 0 651 
10496-3 II 0 651 
10500-3 II 0 651 
10635-1 Ill 0 651 
220-1 VI 0 651 
220-2 VI 4 651 
10492 II 0 650 
10499-3 Il 0 649 
10404-2 I 0 648 
10494- II 0 648 
10501-1 II 0 648 
10501-2 II 0 648 
10501-3 II 0 648 
163-1 IV 0 648 
163-2 IV 0 648 
163-3 IV 2 648 
163-4 IV 4 648 
163-5 IV 4 648 
222-1 VI 3 648 
222-2 VI 3 648 
10616 V 3 648 
36 Ix 0 648 
10406-3 I 3 646 
10407-3 I 0 646 
10973-4 I 0 643 
221-1 VI 3 640 
221-2 VI 3 640 
10639-1 Ill 5 638 
10639-2 Ill 5 638 
10639-3 Ill 5 638 
10643-2 Ill 4 638 
10494-3 II 0 637 
10405-3 I 0 636 
10640-1 il 0 634 
10640-2 III 4 634 
10640-3 Ill 4 634 
10649-1 Ill 4 634 


_*l’ = @ — n), where n = depth in eighths of an inch of the shallowest notch at 
which cracking occurs. 


fCalculated by method of Payson and Savage (2). 
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Table X—(Continued) 


Cracking Tendencies of the Steels as Listed in the Order of Decreasing Martensite 
Transformation Temperatures (Calculated) 


Analysis Cracking 
Heat in Index 
No. Table I’* Ms (F)t 
10649-2 III 4 634 
10649-3 III 4 634 
10648-1 III 0 633 
10902 VII 3 631 
170-1 VI 3 631 
170-2 VI 3 631 
10973-5 I 3 631 
10636-1 Ill 5 631 
10531 4 631 
10900 VII 5 630 
10648-2 III 3 629 
10643-3 Ill 5 624 
168-1 VI 5 623 
168-2 VI 4 623 
10497-2 II 0 621 
10648-3 Ill 0 621 
10404-3 0 620 
10493-2 II 3 618 
173-1 VI 5 618 
173-2 VI 5 618 
10636-2 Ill 5 617 
10755 Ill 5 616 
169-1 VI 5 616 
169-2 VI 3 616 
10498-1 II 5 615 
10636-3 Il 4 608 
172-1 VI 5 606 
172-2 VI 5 606 
10635-2 Il! 5 603 
10641-2 Ill 4 601 
10497-3 II 0 1 
10642-1 III 5 596 
10534 5 593 
10493-3 II 3 591 
10904 Vil 6 590 
10906 VII 5 582 
10641-3 III 5 581 
10530 V 6 580 
10638 V 5 578 
10529 V 6 576 
10635-3 lil 5 575 
10498-2 ul 6 572 
10637 V 6 562 
10907 Vil 6 559 
10903 VII 4 558 
10498-3 Il 5 550 
10642-2 Ill 5 544 
10617 V 6 527 
38 IX 6 524 
10642-3 Ill 5 52i 
10905 VII 6 520 
171-1 VI 5 516 
171-2 VI 5 516 
10532 V 3 512 
10618 Vv 6 466 
10619 V 7 407 
*Il’ = (8 — n), where n = depth in eighths of an inch of the shallowest notch at 
which Ss occurs. 
tCalculat 


by method of Payson and Savage (2). 





pronounced for heats containing 0.35% carbon than for those con- 
taining 0.30% carbon. 
It was noted, particularly in the boron series (Table V1), that 
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increases in hardenability are not necessarily accompanied by in- 
creased quench cracking tendencies. If, instead of the simultaneous 
increase in hardenability which accompanies the additions of most 
alloys, it is considered that lowering of the martensite transforma- 
tion temperature by alloy additions promotes quench cracking, then 
the effect of boron can probably be explained on the basis that while 
boron is very effective in increasing hardenability, it has practically 
no effect on the martensite transformation temperature. _Table X 
is a listing of the steels of the eight series in the order of decreasing 
Ms points (temperature at which the martensite transformation 
starts) as calculated by the method of Payson and Savage.” Crack- 
ing tendencies are indicated by the index I’ (I’ = 8 — n where n 
is the depth in eighths of an inch of the shallowest notch at which 
cracking occurs). It can be seen that the order of decreasing trans- 
formation temperatures is also roughly the order of increasing crack- 
ing tendencies. 


CONCLUSIONS 


The known detrimental effects of carbon, manganese, chromium 
and phosphorus on quench cracking sensitivity have been confirmed 
by a relatively simple laboratory test. 

The same test has also confirmed the known effect on cracking 
sensitivity of variations in heat treatment practice. 

The test has shown that variations in heat treatment practice 
have a very minor effect on cracking sensitivity as compared to varia- 
tions in carbon and the other crack-promoting elements. 

Boron additions in the amounts desirable for optimum increase 
in hardenability were shown by the test to have no effect on crack- 
ing sensitivity. 

High hardenability is not, of itself, responsible for quench- 
cracking. Rather, it is caused by the lowering of the martensite 
transformation temperature by most of the elements ordinarily added 
to improve hardenability. 
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DISCUSSION 


Written Discussion: By C. H. Junge, metallurgist, Cleveland Graphite 
Bronze Co., Cleveland. 

It is interesting to know that the test method devised by the authors of this 
paper correlates well with the observations of heat treating practice. Interest- 
ing, too, is the conclusion that quench cracking is not related to hardenability 
per se, but rather to the lowering of the M, temperature by the alloying ele- 
ments. Thus molybdenum and particularly boron become highly desirable 
hardenability agents from the viewpoint of lessened quench cracking suscep- 
tibility. 

The extremely potent effect of phosphorus is somewhat surprising to the 
writer. Even in basic steel for castings it is usual for the phosphorus to exceed 
the “high” limit of 0.02 referred to by the authors, while in acid practice a 
value of 0.04 is expected, which apparently causes no particular quench crack 
trouble. Of course, few steel castings of high hardenability are ever quenched 
completely cold as was done in the experimental work described in this paper. 

In preparing their specimens the authors used a saw cut to notch their 
specimens. It seems to the writer that this machining practice might easily 
cause considerable variation in the surface finish in the root of the notch with 
attendant erratic cracking behavior. 

Would the use of a drilled hole with a saw cut into the hole, similar to 
the Charpy keyhole notch, be an improvement in specimen preparation? It 
might be instructive to see what effect this type of notch might have on the 
sensitivity of the test, particularly its effect on the index I’ = (8-n), which 
was found to be unreliable in some cases. 

Written Discussion: By J. W. Spretnak, Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. 

The authors have presented an interesting and worthwhile contribution to 
the elusive and complex metallurgical problem of quench cracking of steel. A 
systematized laboratory study such as the present one is valuable in demon- 
strating the average effect of such variables as composition and heat treatment 
which can be studied in the laboratory. 


In the study on the effect of the austenitizing temperature, the decrease 
in cracking susceptibility obtained by austenitizing at 1900 F (1040C) and 
lowering the temperature to 1675 F (915C) before quenching is of interest 
because it rules out the austenitic grain size as the cause of the increase in 





5 
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cracking susceptibility brought about by increasing the austenitizing temper- 
ature. The effect is due then to the temperature from which the steel is 
quenched and may be associated with a change in thermal gradients and con- 
sequently the state of the thermal stresses at the time the transformation to 
martensite begins. 

Another important observation made in the paper is that for steels which 
quench out to martensite, the hardenability per se has no direct effect on 
cracking susceptibility. An increase of hardenability will be accompanied by 
increased cracking susceptibility only if accompanied by a lowering of the M, 
temperature. The temperature range over which the transformation from 
austenite to martensite transformation occurs is the critical factor. This prin- 
ciple is borne out interestingly by the authors’ work on the effect of boron. 

Caution should be taken in applying the results of a laboratory test to 
actual production quenching. The authors have wisely stated in their original 
report that the results of their studies are based on a given geometry, with a 
given quench and reported on the basis of an arbitrary index. The cracking 
susceptibility of a heat as determined in the laboratory will not necessarily 
correspond to the actual magnitude of losses from cracking in the commercial 
treatment. This is true because in the laboratory we can study only the vari- 
ables which affect the steel uniformly, whereas in the field there are variables 
which affect the heat uniformly and others which are highly localized and 
occur in some statistical distribution in the heat. It is this statistical nature of 
the problem in the field which accounts for its complexity. 

Written Discussion: By J. G. Christ, section engineer, Metallurgical Sec- 
tion, Westinghouse Electric Corp., Nuttall Works, Pittsburgh. 

The authors have presented a very interesting paper on quench cracking of 
cast alloy steels. The results as indicated by the authors are only true as 
general statements. The statement, that “High hardenability is not, of itself, 
responsible for quench cracking,” if borne out by further tests offers possibilities 
to the manufacturers of intricately shaped parts which are drastically quenched 
to get the high physical properties required. 

Quench cracking is an everyday problem in gear heat treatment. The 
steel must have enough hardenability that the roots of the teeth are properly 
hardened, for it is at the roots the stresses are highest in gear loading. If, 
however, the hardenability is too great, the gears may crack during the heat 
treatment. 

Although it has been our experience that the steels with deeper harden- 
ability are more prone to cracking, we have had steels of unusually high hard- 
enability that did not crack and again steels of much less hardenability that 
cracked when both were manufactured to the same size gears. Possibly the 
authors’ statement quoted above can explain the anomaly cited, although the 
reference above is to wrought steels. 

If the authors are able to continue this quench cracking investigation, 
maybe a steel will be developed having good hardenability and less tendency 
to crack than the steels available at the present time. 

Written Discussion: By Charles R. Wilks, metallurgist, American Brake 
Shoe Co., Mahwah, N. J. 

Will the authors comment on the reproducibility of duplicate tests? 
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Authors’ Reply 


The authors wish to thank Messrs. Junge, Spretnak, Christ, and Wilks for 
their thoughtful discussions of our paper. 

In some of the early preliminary work, notches of various types were 
investigated as to their effects on the test and its reproducibility. The following 
notches were tried: 


1. Plain ys-inch wide saw cut (as eventually used). 
2. Saw cut up to a rs-inch diameter hole. 

3. Saw cut up to a gy-inch diameter hole. 

4. Milled square-bottom notch. 

5. Milled V-bottom notch. 


None of these showed any improvement over the plain ys-inch wide saw cut. 

At the same time, specimen diameters of 4%, %4, 1, 1%, and 2 inches and 
specimen lengths of %, 1, 1%, and 2 inches were tried. Specimens with diam- 
eters less than 1 inch cracked in any direction while those with diameters 
greater than 1 inch were no better than those with a l-inch diameter. Lengths 
less than 2 inches were satisfactory but such specimens were more difficult to 
handle. 

We wish to emphasize the statement of Mr. Spretnak that “Caution should 
be taken in applying the results of a laboratory test to actual production 
quenching. .... .. The cracking susceptibility of a heat as determined in 
the laboratory will not necessarily correspond to the actual magnitude of losses 
from cracking in the commercial treatment.” Much more work would be nec- 
essary to correlate the results of any such laboratory test, as we have tried to 
develop, with actual commercial practice. 

As regards Mr. Wilks’s question on reproducibility, there is much to be 
desired. The original idea to use the shallowest notch depth at which cracking 
occurred as an index was discarded because of occasional “accidental” cracks. 
However, when the summation of crack depths of a whole series of specimens 
was used as an index and statistical methods were used to compare indices, 
reproducibility was much better. 











STRESS CRACKING OF ELECTROPLATED 
LOCKWASHERS 


By K. B. VALENTINE 
Abstract 


This paper presents data from tests made on electro- 
plated lockwashers. It was found that: 

a. The lower the hardness, the smaller the percentage 
of failures encountered. 

b. At a hardntss of Rockwell C-50 or lower, critical 
hydrogen embrittlement was eliminated by a thermal aging 
treatment subsequent to plating. 

c. Ata hardness of Rockwell C-51 to 56 a subcritical 
anneal prior to heat treatment and a thermal aging treat- 
ment subsequent to plating eliminated the critical hydrogen 
embrittlement. 

d. At a hardness of Rockwell C-48 very little differ- 
ence was noted between the percentage of failures of lock- 
washers sinc plated to 0.0005-inch plate thickness and 
lockwashers having 0.0002-inch plate thickness. In both 
cases the critical hydrogen embrittlement was eliminated 
by a thermal aging treatment subsequent to plating. 


HE effect of hardness on the failures of electroplated lockwashers 

has been generally overlooked, and it is the purpose of this report 
to present data indicating that hardness is definitely related to the 
percentage of failures encountered. Also, in the hardness range of 
Rockwell C-43 to 50, a suitable aging treatment subsequent to plating 
will eliminate the critical hydrogen embrittlement. In the hardness 
range of Rockwell C-51 to 56 the critical hydrogen embrittlement 
can be eliminated by a subcritical annealing prior to heat treatment 
and an aging treatment subsequent to plating. It was likewise 
observed that plating thickness has little or no bearing on the percent- 
age of failures encountered. 

Lockwashers are generally made from SAE 1060 Keystone sec- 
tion wire. They are formed on an automatic coil winding machine 





A paper presented before the Twenty-eighth Annual Convention of the 
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and then heat treated to a hardness of Rockwell C-47 to 53. When 
required, cadmium or zinc plating follows. 

Two peculiar facts connected with electroplated lockwashers are 
(a) at the hardnesses used, only a percentage of the lockwashers fail ; 
(b) these failures may occur immediately upon stressing or at some 
later time. ‘Typical failures are illustrated in Fig. 1. 

A test program was started to investigate some of the factors 
affecting these failures. The lockwashers were tested by placing 
them between cyanided flat washers on a cyanided bolt and drawing 





them down flat with a nut. Fig. 2 illustrates such assemblies. The 
lockwashers were examined periodically for failures while clamped 
on the bolts. Lockwashers tested were received from five different 
sources. 

All lockwashers tested were cleaned and zinc plated in a barrel 
plating system. The acid pickling solution was made up of 18 ounces 
per gallon of H,SO, and the plating solution made up of 10.5 ounces 
per gallon of ZnCn, 12 ounces per gallon of NaCn and 14 ounces per 
gallon of NaOH. A current density of about 20 amperes per square 
foot was used. 

The lockwashers were austenitized in a neutral salt bath, quenched 
in a conventional mineral oil heated to 140 F, and tempered in a 
convective air furnace. Low temperature baking following plating 
was done in a gas oven, and subcritical temperature annealing in a 
convective air furnace. 


The first series of tests was run on five different size lockwashers 
to determine the effect on failures of a thermal aging treatment follow- 
ing plating. 
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Fig. 2—Photograph of Test Assemblies. Cyanided flat washers are placed between 
lockwashers on a cyanided bolt. 


Moore and Smith (1)! have explained that the evolution of 
hydrogen from iron on heating is a function of temperature. Con- 
sequently, it was felt that the higher the temperature used the greater 
the amount of hydrogen liberated. The highest temperature that 
could be used without detriment to the plate appeared to be 400 F. 
Four hours at this temperature was considered to insure practical 
optimum benefits from this treatment. Results of these tests are 
listed in Table 1. It can be seen from these data that heating subse- 
quent to plating decreased the percentage of failures considerably but 
results were still far from being commercially acceptable. 

The next series of tests was run to determine the effect of hard- 
ness on the failures of lockwashers. Inasmuch as 7/16-inch heavy 
lockwashers were consistently bad actors, they were used for 
this purpose. Table II lists the results of these tests, showing that 
hardness is of considerable importance. It also indicates that failures 





1The figures appearing in parentheses pertain to the references appended to this paper. 
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Table | 
Results of Tests Made at 400 F 


0.0002-Inch Zinc Plate Thickness 














Number 
Broken 
Treatment Lockwasher Rockwell C Number After Per Cent 
After Plating Size Hardness Tested 1 Week Broken 
None 4 Medium 52 23 8 34.8 
% Light 52 17 2 11.8 
¥% Medium 54 15 g 53.5 
¥% Heavy 51 13 10 77.0 
7/16 Heavy 51 22 9 41.0 
Average 90 37 41.2 
Heated at 400 F Y% Medium 52 22 5 22.7 
for 4 hours % Light 52 16 0 0 
% Medium 54 12 2 16.7 
\% Heavy 51 11 1 9.1 
7/16 Heavy 51 12 ] 8.3 
Average 73 9 12.3 
Table Il 
Results of Tests Made on Heavy Lockwashers 
0.0002-Inch Zinc Plate Thickness 
7/16-Inch Heavy Lockwashers 
Number 
Broken 
Treatment Rockwell C Number After Per Cent 
After Plating Hardness Tested 1 Week Broken 
None 62 200 200 100 
None 55 200 184 90 
None 50 200 74 37 
None 47 200 31 15 
None 42 200 0 0 
Heated at 400 F 52 200 17 8 
for 4 hours 
Heated at 400 F 50 200 0 0 
for 4 hours 
Heated at 400 F 47 200 0 0 
for 4 hours 
Heated at 400 F 42 200 0 0 


for 4 hours 


can be eliminated if the hardness is at Rockwell C-50 or lower and 
the lockwashers are aged at 400 F subsequent to plating. (During 
the past two years a considerable number of zinc-plated lockwashers 
of various sizes having a hardness of Rockwell C-47 and receiving 
this aging treatment have been tested and no failures observed.) As 
previously stated, the cleaning operations, plating operations, and 
thermal aging operation (when applied) were the same for all lock- 
washers; and the applied stresses were the same for all lockwashers 
of a given size. Nevertheless, failures occurred on a percentage of 
the lockwashers of a hardness of Rockwell C-47 (and harder) with 
no thermal treatment subsequent to plating; and a percentage of the 
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Table Ill 
Results of Tests Made on Heavy Lockwashers Heat Treated at 1100 F 


0.0002-Inch Zinc Plate Thickness 
7/16-Inch Heavy Lockwashers 


Number 
Broken 
Treatment Treatment Rockwell C Number After Per Cent 
Before Plating After Plating Hardness Tested 1 Week Broken 
Hardened and None 51 200 58 30 
tempered 
Hardened and Heated at 400 F 51 210 13 7 
tempered for 4 hours 
Heated at 1100 F Heated at 400 F 51 203 0 0 
for 2 hours, cooled for 4 hours 


slowly, hardened 
and tempered 


Heated at 1100 F None 51 208 11 6 
for 2 hours, cooled 
slowly, hardened 

and tempered 


Heated at 1100 F Heated at 400 F ° 53 200 0 0 
for 2 hours, cooled for 4 hours 
slowly, hardened 
and tempered 
Heated at 1100 F Heated at 400 F ° 56 187 0 0 
for 2 hours, cooled for 4 hours 
slowly, hardened 
and tempered 





lockwashers of Rockwell C-52 heated at 400 F for 4 hours after 
plating. 

Inasmuch as the processing conditions of broken and unbroken 
lockwashers in each group had been maintained as nearly identical as 
possible, it was considered that some nonuniformity prior to heat 
treatment (i.e., hydrogen content or nonuniform structural condi- 
tion) could be responsible for these failures. 

Sieverts’ (2) curve of the solubility of hydrogen in iron is re- 
produced in Fig. 3. It shows a marked decrease in the solubility of 
hydrogen in iron at and slightly below the critical temperature. C. A. 
Zapffe and C. E. Sims (3) in explaining some of the factors effecting 


Table |V 
Results of Tests on Heavy Lockwashers Having Different Zinc Coatings 


7/16-Inch Heavy Lockwashers Used 


Number 
Plate Broken 
Treatment Thickness Rockwell C Number After Per Cent 
After Plating Inch Hardness Tested 1 Week Broken 
None 0.0002 48 200 73 36 
None 0.0005 48 200 76 3a 
Heated at 400 F 0.0002 48 200 0 0 
for 4 hours 
Heated at 400 F 0.0005 48 200 0 0 


for 4 hours 
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flakes in forgings state that hydrogen occurring at cavities is redis- 
solved in steel when heated above the critical temperature. Korber 
and Ploum (4) found that, upon heating a 0.97% carbon steel, hydro- 
gen was evolved at 752 F. 

Accordingly, it was felt that a subcritical homogenizing treat- 
ment prior to heat treatment might be beneficial. 

In the next series of tests lockwashers that had been heated at 








CM? of Ho in 100 Gms. Iron 





0 400 800 1200 i600 
Temperature C 


Fig. 3—Solubility of Hydrogen in Iron Pus 760 MM. (Sieverts). 


1100 F for 2 hours and cooled slowly prior to heat treatment were 
compared with conventionally heat treated lockwashers. Results are 
listed in Table III. 

These data indicate that critical hydrogen embrittlement for 
these hardnesses can be eliminated by a subcritical annealing prior 
to heat treatment and a thermal aging treatment subsequent to 
plating. 14-inch medium, 3¢-inch light, 34-inch medium, and 34-inch 
heavy lockwashers were tested in a like manner with similar results. 

Failures of lockwashers having 0.0005-inch zine plate were com- 
pared with lockwashers having 0.0002-inch zinc plate. Results of 
this series of tests are listed in Table IV. These data indicate that 
at a hardness of Rockwell C-48 plate thickness has very little, if any, 
effect upon the per cent of failures. 


CONCLUSIONS 


As a result of this investigation it was found that the lower the 
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hardness, the smaller the percentage of failures. Likewise at a hard- 
ness of Rockwell C-50 or lower, critical hydrogen embrittlement was 
eliminated by a thermal aging treatment subsequent to plating. Ata 
hardness of Rockwell C-51 to 56 a subcritical anneal prior to heat 
treatment and a thermal aging treatment subsequent to plating elimi- 
nated the critical hydrogen embrittlement. At a hardness of Rock- 
well C-48 very little difference was noted between the percentage of 
failures of lockwashers zinc plated to 0.0005-inch plate thickness and 
lockwashers having 0.0002-inch plate thickness. In both cases the 
critical hydrogen embrittlement was eliminated by a thermal aging 
treatment subsequent to plating. 
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DISCUSSION 


Written Discussion: By Joseph Gurski, metallurgist, chemical engineer- 
ing, Ford Motor Co., Dearborn, Mich. 

The author is to be congratulated on an able presentation of such a trouble- 
some problem as lockwasher breakage. His treatment of lockwashers with 
an 1100 F anneal prior to heat treatment certainly appears to have interesting 
possibilities and the tests made substantiate his conclusions very clearly. 

We are in accord with his statement that it is generally believed that 
thicker plating results in a greater percentage of failures. On the basis of 
his tests, it would seem that this factor has been overemphasized. 

However, we wish to take exception to the statement that the factor of 
hardness has been generally overlooked. As far back as February 7, 1945, at a 
joint industry conference in Detroit, definite recommendations were made to 
the Spring Washer Institute limiting the Rockwell hardness to C-45 to 49. 
It was generally recognized at this meeting that higher hardnesses were con- 
tributing to excessive lockwasher breakage. Mr. Valentine’s tests corroborate 
these assumptions and add another link in the chain of evidence. 

We would like to ask Mr. Valentine whether or not he has made any defi- 
nite tests with respect to the time necessary to hold washers at 400 F in order 
to eliminate hydrogen embrittlement. 
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Written Discussion: By R. G. Sartorius, metallurgist, The National 
Lock Washer Co., Newark, N. J. 

Mr. Valentine’s paper deals with a problem in which we are not only very 
much interested, but which we have found to be of great practical importance. 

We fully agree with the author’s first and main conclusion, but feel that 
the effect of hardness on the failure of electroplated lockwashers has been 
recognized by many, and for a long time. For example, Westinghouse Electric 
Corp. P.D. specification 2052, dated May 28, 1915, calls for a lower hardness 
range (Rockwell C-44 to 49) just because the spring washers are to be elec- 
troplated. 

Stress cracking of electroplated spring washers is—to say the least—a very 
elusive problem, into which enter a great number of variables. Thus, looking 
at Fig. 2, it is noted that many of the samples appear to have very pronounced 
knurling on the outer periphery. This is a type of surface imperfection which 
should be considered in an attempt to evaluate test results. The same holds true 
for decarburization, and it would be interesting to know whether the author 
had an opportunity to check his samples for surface imperfections, decarburiza- 
tion, and possibly also prior structure. We are not clear as to whether 
finished heat treated spring washers were used for the tests or unhardened 
washers which were then quenched and tempered for the first time. 

Acid cleaning is another variable which is difficult to control and, depend- 
ing on the surface condition (scale) of the various lots tested, could well have 
affected the test results. 

The most startling and interesting conclusion arrived at by the author 
is that referring to the beneficial effect of a subcritical anneal. We are 
wondering whether the experiments were carried out on a large enough scale 
to warrant this conclusion, and whether the test results were not masked by 
some of the other variables mentioned above. 

The same holds true for plate thickness. Our experience has been that 
the thicker the plate, the more danger there will be of failure due to hydrogen 
embrittlement. 

Written Discussion: By Victor Stefanides, chief metallurgist, Illinois 
Tool Works, Chicago. 

This paper should be studied by all who encounter hydrogen embrittlement, 
either in acid descaling, electroplating, parkerizing, etc. Unfortunately, state- 
ments have been made which cannot be borne out by tests conducted on dome 
lockwashers, illustrated in Fig. A. These dome lockwashers were fabricated, 
on a punch press, of SAE 1050, spheroidized anneal strip steel, as illustrated by 
the photomicrograph at x 400, in Fig. B. After fabricating the washers, part 
of the lot was subjected to a stress relief anneal at 1100 F (595C) for 1 hour 
at heat. Then the annealed and unannealed washers were austenitized in a 
rotary retort furnace at 1500 F (815) and quenched in oil at temperatures 
from 120 to 130 F. The rotary retort consists of an Archimedes screw which 


gradually draws the work from cold zone to high temperature zone for 5 
minutes. 


Tempering was done in rotary retort furnace at 500 F for 1 hour at heat, 
to obtain Rockwell C-48 to 52, and 700 F for 1 hour at heat to obtain Rockwell 
C-42 to 44. The work austenitized with and without the subcritical anneal and 
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Fig. A—Dome Lockwashers. xX %. 


Fig. B—Spheroidized Anneal. Etched 2% nital. x 400. 


tempered to ranges of hardness from C-42 to 44 and C-48 to 52, are illustrated 
by Figs. C, D, E and F. 

Descaling by acid was done, at room temperature, in commercial muriatic 
acid, to which Turco Products’ inhibitor was added at the rate of 2% cc. per 1% 
gallons of muriatic acid. Preliminary pickling experiments proved that it re- 
quired 8 minutes to completely remove scale, formed in the heat treating 
operations. Therefore, all the work descaled by acid was pickled for 8 minutes. 

Descaling by shot blasting was done in a Pangborn No. 2 Type EN Unit, 
using No. 70 angular steel grit at 80 pounds air pressure. 

Cadmium plating was done in a barrel-type plater in alkaline cyanide 
solution at a current density of 25 amp./sq. ft. 

Baking, to overcome hydrogen embrittlement, was done at 400 F for 4 
hours at heat. 

The washers are used with 4%—16 size screw, made of 1010 wire, cold- 
headed and thread-rolled, with an approximate ultimate tensile strength of 
5000 pounds. The screw with the washer, in an assembly, is loaded to 60% 
of its ultimate strength, or 3000 pounds. At that loading, the washer, pro- 
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Fig. C—Subcritical Anneal 1100 F. Austenitized 1500 F. Drawn 700 F. 
1 hour at heat. Rockwell C-42 to 44. Etched 2% nital. x 400. 


a /¢ 


Fig. D—Austenitized 1500 F. Drawn 700 F. 1 hour at heat. Rockwell 
C-42 to 44. Etched 2% nital. x 400. 


Fig. E—Subcritical Anneal 1100 F. Austenitized 1500 F. Drawn 500 F. 
1 hour at heat. Rockwell C-48 to 52. Etched 2% nital. x 400. 


Fig. F—Austenitized 1500 F. Drawn 500 F. 1 hour at heat. Rockwell 
C-48 to 52. Etched 2% nital. x 400. 


viding it is properly heat treated, will support the screw without cracking or 
collapsing. However, improperly heat treated, too hard, or hydrogen embrittled 
washer, will crack under such loading. Washers properly heat treated, in 
proper range of hardness, and free of hydrogen embrittlement, will collapse 
in excess of 5000-pound loading. Therefore, the screw should fail before the 
washer collapses, if properly heat treated. The significance of this will be 
apparent by studying the accompanying Tables A and B. 
The work austenitized, with and without the subcritical anneal, was divided 
into the following groups: 
A —Austenitized, without subcritical anneal, tempered to Rockwell C-42 to 
44, and not descaled. 
A, —Same as A, except tempered to Rockwell C-48 to 52. 
B —Austenitized, with subcritical anneal, tempered to Rockwell C-42 to 
44, and not descaled. 
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B, —Same as B, except tempered to Rockwell C-48 to 52. 

C —Austenitized, without subcritical anneal, tempered to Rockwell C-42 
to 44, descaled by acid, and cadmium plated to 0.0002 inch. 

C,—Same as C, except tempered to Rockwell C-48 to 52. 
Cz—Same as C, except plated to 0.0005 inch. 
C,—Same as C,, except tempered to Rockwell C-48 to 52. 

CC—Austenitized, without subcritical anneal, tempered to Rockwell C-42 
to 44, descaled by shot blasting, and cadmium plated to 0.0002 inch. 
CC,—Same as CC, except tempered to Rockwell C-48 to 52. 
CC;—Same as CC, except plated to 0.0005 inch. 

CC,—Same as CC,, except tempered to Rockwell C-48 to 52. 

D —Austenitized, with subcritical anneal, tempered to Rockwell C-42 to 
44, descaled by acid, and cadmium plated to 0.0002 inch. 

D,—Same as D, except tempered to Rockwell C-48 to 52. 
D:—Same as D, except plated to 0.0005. inch. 

D,—Same as D2, except tempered to Rockwell C-48 to 52. 
DD—Austenitized, with subcritical anneal, tempered to Rockwell C-42 to 
44, descaled by shot blasting, and cadmium plated to 0.0002 inch. 
DD,—Same as DD, except tempered to Rockwell C-48 to 52. 

DD.—Same as DD, except plated to 0.0005 inch. 
DD,—Same as DD,, except tempered to Rockwell C-48 to 52. 

E —Austenitized, without subcritical anneal, tempered to Rockwell C-42 
to 44, descaled by acid, cadmium plated to 0.0002 inch, and baked to 
overcome hydrogen embrittlement. 

E,—Same as E, except tempered to Rockwell C-48 to 52. 
E,—Same as E, except plated to 0.0005 inch. 
E,—Same as E,, except tempered to Rockwell C-48 to 52. 

EE—Austenitized, without subcritical anneal, tempered to Rockwell C-42 
to 44, descaled by shot blasting, cadmium plated to 0.0002 inch, and 
baked to overcome hydrogen embrittlement. 

EE,—Same as EE, except tempered to Rockwell C-48 to 52. 
EE,—Same as EE, except plated to 0.0005 inch. 
EE,—Same as EE,, except tempered to Rockwell C-48 to 52. 

F —Austenitized, with subcritical anneal, tempered to Rockwell C-42 to 
44, descaled by acid, cadmium plated to 0.0002 inch, and baked to over- 
come hydrogen embrittlement. 

F,—Same as F, except tempered to Rockwell C-48 to 52. 
F.—Same as F, except plated to 0.0005 inch. 
F;—Same das Fs, except tempered to Rockwell C-48 to 52. 

FF—Austenitized, with subcritical anneal, tempered to Rockwell C-42 to 
44, descaled by shot blasting, cadmium plated to 0.0002 inch, and baked 
to overcome hydrogen embrittlement. 

FF,—Same as FF, except tempered to Rockwell C-48 to 52. 
FF,—Same as FF, except plated to 0.0005 inch. 
FF;—Same as FF2, except tempered to Rockwell C-48 to 52. 

From studying the data recorded in Table A and Table B, it is apparent that 

the author’s allegation No. 1 (author’s paper, page 488, par. 1), that “hardness 
is definitely related to the percentage of failures encountered”, is well borne out. 
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Fig. G—Dome Washers in Assembly.  X 1. 


Allegation No. 2 (page 488, par. 1), that “in the hardness range of Rockwell 
C-43 to 50, a suitable aging treatment, subsequent to plating, will eliminate 
the critical hydrogen embrittlement”, the apparent trend is that the baking 
treatment promotes recovery from the hydrogen embrittlement. This is espe- 
cially evident when groups C, and D: are compared with E. and F,. The other 
groups are either uniformly high or uniformly low, so there is no evidence 
that baking was very helpful. 

Allegation No. 3 (page 488, par. 1), that “In the hardness range Rockwell 
C-51 to 56, the critical hydrogen embrittlement can be eliminated by subcritical 


, 


annealing prior to heat treatment and an aging treatment, subsequent to plating” 





Fig. H—Compressed Dome Washers Between Heat Treated Plates. xX 3 


cannot be substantiated, in any sense of the word, by the data in Tables A and 
B. The values obtained on the majority of the groups, with the subcritical an- 
neal, are actually lower than those obtained on groups without the subcritical 
anneal. 

The groups in the higher range of hardness, when plated both to 0.0002 
and 0.0005 inch depth and ‘baked for hydrogen embrittlement, do not show any 
recovery either. 
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Allegation No. 4 (page 488, par. 1), that “Plating thickness has little or 
no bearing on the percentage of failures encountered”, again does not bear out 
the facts recorded in Tables A and B. The significance of this statement will 
especially be apparent when cracking of the dome washers, loaded between 
two hardened plates, is discussed. 

In the prior discussion, it has already been pointed out, that in an assembly, 
as shown in Fig. G, the screw is loaded 60% of its ultimate tensile strength, 
which is equivalent approximately to 3000 pounds. The 3000-pound loading de- 
flects the Rockwell C-42 to 44 washer 0.135 inch, and the Rockwell C-48 to 52 
washer 0.128 inch. The heat treated washers were then placed between hard 
plates as shown in Fig. H, and compressed until an equivalent deflection of 3000 
pounds loading was arrived at. Washers in the loaded position were left for 
one week. Only the groups of washers which withstood loading of 3000 pounds 


or more, without cracking, were used in this test. The results so obtained are 
tabulated hereby : 


Number of N«mber of Number of Number of 
Washers Washers Washers Washers 

Group Loaded Failed Group Loaded Failed 

A 8 0 Ai 8 & 

B x 0 Bi 8 8 

> 8 5 Ci au sak 

D 8 8 Di xs 

E x 0 Ei al 

F 8 + Fi . 

Cs 8 8 Cs Eo 

Dea 8 8 Ds a 

Es g 4 Es 

Fe 8 8 Fs 
cc 8 g& CCi 8 8 
DD 8 7 DDi 8 
EE & 0 EE: nae 
FF 8 0 FF: aS 
CCa 8 6 CC4 8 8 
DD2 8 8& DDs aia 
EEs 8 3 EEs coil 
FFs 8 & FFs 


It is significant to note that Groups C, D, F, E,, F:, CC, DD, CC, DD,, 
EE,, and FF,, which sustained high loading, failed on compression for one 
week. In general, all groups in the low hardness range, plated to 0.0005 inch, 
high hardness range, plated to 0.0002 and 0.0005 inch, failed completely, or to 
the point where they are not commercially usable. Groups receiving the sub- 
critical anneal prior to austenitizing treatment made poorer showing ‘than 
groups without the subcritical anneal. Baking treatment is found beneficial, 
but only in conjunction with low range of hardness, 0.0002 inch of plating, 
and without the subcritical anneal. Groups not descaled and in low range of 
hardness stood the compression test without failure, but those in high hardness 
range failed 100%. 

In this discussion, heating to overcome hydrogen embrittlement is referred 
to as “baking” rather than aging, because aging conveys to a metallurgical 
mind a meaning pertaining to precipitation hardening. Heating to overcome 
hydrogen embrittlement is not a precipitation hardening in any sense of the 
word. 

Written Discussion: By R. Vines, The Dentists’ Supply Co., York, Pa. 

Service failures occurring in the widespread wartime use of zinc or cadmium 
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plated lockwashers necessitated a number of investigations similar to that of 
Mr. Valentine. 

It has been repeatedly demonstrated that cracking of plated lockwashers 
is avoided at lower hardnesses and by mild heating after plating. However, 
“safe” hardness levels were invariably below Rockwell C-50. The reported 
effectiveness of a subcritical anneal in increasing the “safe” hardness level to 
Rockwell C-51 to 56 is, therefore, very interesting. 

Were the washers protected from decarburization during the subcritical 
anneal and the subsequent heat treatment? Decarburized lockwashers appear 
to be less susceptible to cracking than nondecarburized lockwashers. 

The titles of most prior papers on this subject, including the references cited, 
employ the terms “hydrogen” or “hydrogen embrittlement” rather than “stress 
cracking” to indicate the nature of the failure. While these terms may not in- 
dicate the true nature of the failure, they do conform to established practice. 


Author’s Reply 


Replying to Mr. Gurski’s discussion, the Joint Industry conference on 
March 19, 1945, recommended a hardness range of Rockwell C-43 to 49 for 
spring washers. However, on November 28, 1945, the American Standards 
Sectional Committee B-27 unanimously adopted a hardness range of Rockwell 
C-45 to 53 and this is the range to which the industry is now working. 

The time at 400 F required to overcome brittleness failures of electro- 
plated lock washers probably is a function of internal and applied stresses. 
As we have pointed out in the paper, 4 hours of 400 F was not sufficient in 
some instances. Longer heating times were not tried by us. On the other hand 
we have noted instances where standing at room temperature for a year appeared 
to be beneficial. 

We are glad to know that Mr. Sartorius agrees with us regarding the 
desired hardness range for electroplated lock washers, and trust that he will 
prevail upon the spring washer industry to review their decision of November 
28, 1945, unanimously adopting the high hardness range of Rockwell C-45 to 53. 

It is our understanding that some lock washers are marked by the manu- 
facturer for identification purposes. The knurling mentioned by Mr. Sartorius 
is one method of marking. No correlation was noted between any of the four 
different types of surface markings on lock washers tested and the frequency 
of failures. All of these types of lock washers responded to the subcritical 
annealing prior to heat treating coupled with the aging treatment subsequent 
to plating. 

Microexaminations were made on a considerable number of broken and 
unbroken lock washers to determine, if possible, some of the factors contributing 
to failure. Decarburization did not appear to be a factor influencing cracking. 
Severely decarburized lock washers might be expected to set and relieve the 
stresses. 

Heat treated lock washers, as received from the manufacturer, re-treated 
as indicated in the text, were used for these tests. 

No work was done by us on dome lockwashers. However, according to 
the data presented by Mr. Stefanides, they offer some interesting problems; 
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i.e., when under a constant load, the deflection of the dome lockwashers varies 
with the hardness. 

As stated in the text, subcritical annealing consisted of heating the lock- 
washers at 1100 F (595 C) for 2 hours, then cooling slowly. A considerably 
different procedure was employed by Mr. Stefanides. 

Replying to Mr. Vine, the subcritical annealing was done in a convective 
air draw furnace with no atmosphere controls. 











HARDNESS TESTING OF METALS AND ALLOYS 
AT ELEVATED TEMPERATURES 


By FrepeErRIcK P. BENS 


Abstract 


The principles of the diamond pyramid penetration 
method of hardness testing have been embodied in an 
apparatus for determining the hardness of metals at tem- 
peratures up to 1700 F (925°C). The apparatus is de- 
signed to rest on the stage of a standard Vickers hardness 
machine and to employ the loading device and optical sys- 
tem thereof. A vacuum chamber protects the test spect- 
men, diamond indenter, and heating element against oxi- 
dation at high temperature. 

The hardness and strength of some alloys at elevated 
temperatures are recorded. In stable alloys the hardness 
at elevated temperatures appears to be a useful index of 
elevated temperature strength. 


INTRODUCTION 


HE room temperature hardness of metals and alloys is recog- 

nized as a good indication of room temperature strength, and 
very often service performance can be predicted from hardness 
alone. It is logical to assume that a hardness-strength relationship 
exists at elevated temperature for those metallic systems which are 
stable at the testing temperatures. 

In research and development work at the laboratory of the 
Climax Molybdenum Co., the hot hardness test was employed for 
preliminary selection of high strength alloys for gas turbine blades 
operating at temperatures up to 1600 F (870C). Precise hardness 
measurements at elevated temperatures were required for the work, 
and this paper describes the apparatus which was constructed to 
meet that requirement. 


DESIGN OF THE APPARATUS 


Before the apparatus for hot hardness testing was designed, the 
characteristics of systems previously developed for measuring hot | 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, Frederick 
P. Bens, is research metailurgist, Climax Molybdenum Co. of Michigan, 
Detroit. Manuscript received May 11, 1946. 
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hardness were studied. As a result of this study, it was decided that 
the apparatus should contain the following features: 


1. An indentation method commonly used at room temperature 
was to be employed. 

2. The indentations were to be as small as poss:ble, so that a 
large number of hardness determinations could be made on 
a small sample. Whenever surveys of metallic systems are 
desired, valuable time and costly materials can be saved if 
the data can be secured from small samples. 

3. The load was to be accurately determinable and variable at 
will, to permit both the testing of materials whose hardnesses 
vary greatly with temperature and the testing of dissimilar 
materials having widely different hardnesses at the same 
temperature. 

4. The apparatus was to be as simple as possible, durable, and 
easily serviced. 

5. The sample and the penetrator were to be heated to the test- 
ing temperature and protected against oxidation, in order to 
maintain a high degree of accuracy and promote long life of 
the penetrator. 


The Vickers diamond pyramid indentation method satisfactorily 
supplies the first four features. 

The last feature—heating the sample and penetrator to the de- 
sired temperature and protecting them from oxidation in a simple 
manner—was Satisfied by the use of a vacuum furnace. A vacuum 
was deemed preferable to rare gases, because of cost; preferable to 
nitrogen, because it avoided the possibility of nitriding the sample; 
and preferable to hydrogen, which might react with the diamond 
or decarburize the sample. It was expected that it would be unnec- 
essary to attain pressures below 10~* millimeters of mercury. In prac- 
tice, sufficient protection against oxidation was provided at a pres- 
sure of 10° millimeters of mercury by a small mechanical vacuum 
pump. 

A schematic drawing (Fig. 1) and a photograph (Fig. 2) of 
the complete apparatus show the essential features of the equipment. 

The top plate of the vacuum chamber was designed to hold a 
cylinder and a piston with the indenter at its lower end. To facilitate 
making a number of impressions on a single sample, a device was 
incorporated for moving the specimen under the indenter without de- 
stroying the vacuum. Access to the indenter, thermocouple, anvil, 
and heating element was afforded by the removable lid of the vacuum 
chamber. 

The vacuum chamber is a section of steel pipe, 8 inches in diam- 
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Specimen Vickers Loading Piston 
Heating Coil KX -Flexible Piston Suspension 
\ a pension Collar 
Refractory Tube \ 5 Piston (invar) 
Refractory Pusher Rod TBAT) Winder (Stainless Stee.) 


Brass Cap Screw Holder SSSSSSSSSS SSSI Top Steel Plate 








7 Sealed Furnace Leads 
Aluminum Foil 


” yee Tf wi } CS 
Radiation Shield 


Vacuum Pump Connection Silica Brick 
Sealed Thermocouple Lea08 2 a Insulet JON 


Bottom Steel Plate A Stainless Steel Anvil 
Thermocouple Bead Hot Junction ASS a a 


Vickers Stage 


Thumb Scréw ALAS wate ae Hold-Down Bolts 
Ay NIN NY Steel Cylinder 
ms a ieleaedl i \) vi Diamond indenter 


Fig. 1—Design of Hot Hardness Tester. 


eter and approximately 8 inches high, with steel plates for top and 
bottom. The bottom plate is welded to the pipe; the top plate is re- 
movable and holds the indenter piston and cylinder. The complete 
chamber is of such size and weight that one person can easily place 
it upon, and remove it from, the stage of the Vickers machine. 

An 18% chromium, 8% nickel stainless steel cylinder, soldered 
to the top plate, accommodates a 44-inch diameter Invar piston, which 
is lapped to a clearance of 0.0001 inch. By means of lubricating 
oil having a low vapor pressure, a vacuum seal is produced between 
the two. Stainless steel and Invar were selected in order to increase 
clearance with rise in temperature and thus to prevent seizing. 

The upper end of the piston is hemispherical, so that only point 
contact is made with the Vickers loading plunger. This eliminates 
the necessity for co-axial alignment of the piston and the plunger 
and insures against eccentric loading of the diamond. 

A flexible suspension joins the Vickers plunger and the indenter 
piston in such a way that by raising the stage of the Vickers machine 
the specimen is brought in contact with the diamond. 

The heating element consists of a ;'s-inch diameter spiral of a 
19-gage Chromel A resistance wire wound on a 2-inch diameter muf- 
fle. It is supplied with 110-volt alternating current. A temperature of 
1700 F (925C) is maintained by 600 watts. (This is about half 
the power required for heating in air. This point should be kept in 
mind in designing heating elements for use in vacuum.) The turns 
of the wire are separated around a hole in the side of the muffle 
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Fig. 2—-Hot Hardness Tester. 


through which the specimen is slid on the anvil. The muffle and 
element are held in place by silica bricks which also serve as heat 
insulators. The electrical leads and thermocouple leads are sealed 
into the vacuum chamber through rubber stoppers. The thermo- 
couple hot-junction bead is flush with the top of the anvil and filed 
flat to increase the area of contact with the specimen. 

A 1-inch diameter alundum refractory tube provides a path for 
sliding the samples into the apparatus and houses the refractory 
pusher rod for moving the sample under the diamond. A glass 
T-tube is sealed to the vacuum chamber at the outer end of this 
refractory tube. The vertical arm of the T-tube is connected by 
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vacuum hose to a mechanical vacuum pump and a vacuum gage. The 
horizontal arm holds a brass cap and brass thumb screw. The speci- 
men is moved in a horizontal groove, % inch wide, cut into the 
anvil. The refractory pusher rod is placed in line with this groove 
and against the end of the specimen. A threaded brass rod projects 
through the brass cap and contacts the outer end of the refractory 
rod. By turning the thumb screw on the brass rod, motion is trans- 
lated to the refractory rod and the specimen. 

The specimen size most frequently used is 1 inch by 4% inch by 
4 inch. Specimens up to 1% inches long and % inch thick can be 
accommodated, but the width of the specimen must not be greater 
than the width of the groove in the anvil. If the specimens are too 
small to be manipulated easily, they can be mounted in an alloy of 
suitable melting point, such as Monel metal, and the mounting can 
be machined to fit the anvil slot. 

The hot hardness tester is operated as follows: A sample is slid 
on the anvil; the brass thumb screw cap and pusher rod are placed 
in position; the system is evacuated; and the sample is heated to the 
desired temperature. Then the Vickers stage is slowly raised until 
the specimen gently touches the diamond. The stage is further raised 
until the top of the indenter piston is about 3's inch from the bottom 
of the Vickers plunger. The load is then applied, and when the load- 
ing cycle is complete, the stage is lowered until the diamond is sus- 
pended above the specimen. The specimen is moved to a new posi- 
tion by rotation of the thumb screw and another impression is made 
as before, either at the same temperature or at a different tempera- 
ture, as desired. When the tests are completed the furnace is allowed 
to cool to room temperature before the chamber is opened and the 
sample removed. The lengths of the diagonals of the impressions are 
measured by means of the Vickers optical system. 

The Vickers pyramid hardness numbers are obtained from the 
formula 


VPN = 1.8544 (L/d’) 


where VPN is the hardness number, L is the load in kilograms, and 
d is the length of the diagonal in millimeters. The load on the in- 
denter must be corrected for the additional weight of the hot hardness 
indenter piston and suspension, the force exerted on the piston by 
air pressure, and the friction between the piston and the cylinder. 
The friction between the piston and cylinder was measured by sup- 
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porting the cylinder and resting one end of the piston on the pan of 
an analytical balance. The force necessary to move the piston was 
found to be 2 grams. 

The error resulting from making the hardness impression at 
elevated temperature and subsequently measuring the diagonal at 
room temperature has been neglected. Even if we consider testing 
a metal such as copper, having a high coefficient of expansion and 
low hardness at 1700 F (925 (CC), the error due to thermal contrac- 
tion of the diagonal is very small. Assuming a linear coefficient of 
thermal expansion for the copper specimen as high as 10° per F 
(5.55 & 10° per C) and a maximum temperature difference of 
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1600 F (885 C), that is, from 100 to 1700 F (40 to 925 C), the diag- 
onal for a 10-kilogram load would be about 0.540 millimeter at the 
high temperature. The change in the diagonal on cooling would be 
only 0.007 millimeter. If neglected, this change produces an error 
of only two Vickers hardness numbers. 

Table I shows the hot hardness of a few pure metals and alloys 
tested in the apparatus. 


Hot HarpNeEss VERSUS LoAD CARRYING ABILITY AT HIGH 
‘TEM PERATURES 


Figs. 3 and 4 indicate a relation between the load carrying ability 
of some alloys at elevated temperatures and their hardness at those 
temperatures. The Vickers hardness at 1600 F (870C) versus the 
stress-rupture life in hours at 1600 F (870C) of temperature-resist- 
ant chromium-base alloys under a tensile stress of 20,000 pounds per 
square inch and 24,000 pounds per square inch is shown in Figs. 3 
and 4, respectively. All of the alloys have chromium as the base ele- 
ment but vary widely in percentage of other alloying elements. The 
alloys possessing the higher hardness at 1600 F (870 C) are charac- 
terized by superior load carrying ability at that temperature, regard- 
less of composition. The scattering of points is surprisingly small 
for so heterogeneous a collection of samples. 


SUM MARY 


An apparatus has been constructed for accurately determining 
the hardness of metals and alloys at high temperature in terms of a 
well-known hardness scale. It is concluded that with this equipment 
hardness measurements at temperatures up to 1700 F (925 C) can be 
made with the same accuracy as at room temperature. 

The data obtained with the apparatus indicate that there is a 
relationship between the hot hardness and the stress-rupture strength 
of stable alloys. 
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DISCUSSION 


Written Discussion: By J. D. Nisbet, Research Laboratory, General 
Electric Co., Schenectady, N. Y. 

The author has developed a good tool for rough checking the high tem- 
perature properties of metals. The relationship found between hot hardness 
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and rupture strength is surprisingly good. Relations between these two very 
different types of testing can be shown only by the most accurate control of the 
variable involved with each. The rupture tests were performed in oxidizing 
atmospheres and the hot hardness tests in the absence of atmosphere. The 
rupture test is done over a period of hours and the hardness test in terms of 
seconds. Therefore, the effect of corrosion is paramount in rupture testing 
and nonexistent in vacuum hot hardness testing. This suggests that the rela- 
tionship between hot hardness and rupture strength might not be so good for 
alloys that are corrosive. Corrosion is likely to be the most difficult variable 
to control or evaluate in applying the hot hardness test to alloys which cor- 
rode more than chromium-base alloys. 

If rupture test data are plotted on linear co-ordination rather than log-log, 
then the rupture curve falls very fast with high loads and short times and, 
of course, becomes very flat with low loads and long times. In other words, 
the curve tends to be vertical in short-time test and tends to be horizontal in 
long-time test. Therefore, in short-time testing, whether it is hardness or ten- 
sile strength, the ability to predict the almost horizontal part of the rupture 
curve from short-time data which fall on the almost vertical part of the curve 
is certainly difficult. It can be done only by exercising extreme care in control 
of time measurements and providing the necessary accommodation coefficients 
for corrosion which is one major controlling factor in the shape of the curve 
for prolonged times. I presume that time of loading in the hot hardness tester 
was quite accurately and automatically controlled. It would be interesting if 
the author would elaborate on this point. 

Metallurgical tools for studying the high temperature properties of mate- 
rials which reduce the time for test are certainly needed and this high tem- 
perature hardness tester developed by Mr. Bens is a valuabie contribution. 

Written Discussion: By Howard S. Avery, research metallurgist, Amer- 
ican Brake Shoe Co., Mahwah, N. J. 

This contribution from the Climax laboratories is very welcome. The 
subject of hot hardness is worthy of extended study in attempts to provide 
further insight into the relative wear resistance of metals at elevated temper- 
atures. 

The relationship between hot hardness and creep behavior is sometimes 
raised in discussions of hot hardness data." The effect of creep as a variable 
in testing is also important and should receive consideration. When a fixed 
load is imposed for a single time interval, and the resulting deformation meas- 
ured at room temperature, it is difficult to identify or measure the role of creep. 

The Rockwell hardness system modified for hot tests as described by 
Bishop and Cohen’ permits instantaneous and successive measurements of de- 
formation and has been employed in the American Brake Shoe Metallurgical 
Laboratory to observe the change in apparent hardness that results from creep. 
Typical results as obtained on an air hardening weld deposit appear in Fig. A. 


1Discussion of Harder and Grove, “Hot-Hardness of High-Speed Steels and Related 
Alloys,’ Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 105, 
1933, p. 125-132. 


2E. C. Bishop and Morris Cohen, “Hardness Testing of High-Speed Steel at High 
Temperatures,’”’ Metat Procress, March 1943, p. 413-442. 
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The data points represent the hardness values after 0," 1, 2, and 3 minutes of 
load application, while the shaded area indicates the range of apparent hardness 
that might be encountered if time of loading were a variable within the limits 
described. 

The rapid decrease in apparent hardness, which is greatest during the first 
minute, suggests that the compressive deformation behavior is similar to the 
primary stage of elongation in tensile creep and stress-rupture tests. Thus, 
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Fig. A—The Effect of Creep, as Controlled by 
Duration of Load Application, on the Apparent Hot 
Hardness of an Air Hardening Arc Weld Deposit. 


hot hardness may be directly related to certain features of very high load, 
short-time stress-rupture or tension tests at the same temperature, but the 
relationship to fracture time probably is somewhat fortuitous. 

Because strong alloys have a tendency to be so in both short and long- 
time tests, and strength generally has the effect of increasing fracture time, 
the interesting correlations shown by Mr. Bens are understandable and pro- 
vided a useful preliminary estimate of hot strength. Caution is recommended 
in the general application of this procedure, however, especially for materials 
that are more nearly alike in properties. This point is considered pertinent 
as there is such a definite need for a quick method of determining creep strength 
and life expectancy, as now derived from long and expensive tests, that there 
may be a strong temptation to adopt hot hardness as a convenient acceptance 
test for heat resistant alloys. 


Author’s Reply 


The author thanks Mr. Nisbet and Mr. Avery for their discussions. 
Mr. Nisbet’s remarks concerning the effect of corrosion on the correla- 
tion between hot hardness and rupture strength of alloys serve to emphasize 


*Nominal. Actually a fraction of a second determined by the reaction time of the operator. 
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the statement made in the summary of the paper that the relationship is be- 
lieved most valid when applied to stable alloys. Stability of metals and alloys 
at elevated temperatures is dependent on many properties and oxidation re- 
sistance is certainly one of the most significant. The chromium-base alloys 
mentioned in the paper were sufficiently high in chromium to possess high re- 
sistance to oxidation at 1600 F (870C) and the low diffusion rates of the ele- 
ments within the alloys also aided in their high temperature stability. 

The time of loading in the hot hardness tester was 15 seconds throughout 
all of the tests, accurately and automatically controlled by the loading device 
on the Vickers machine. 

Mr. Avery’s discussion presents interesting data obtained by Rockwell hot 
hardness tests to show the change in apparent hardness that results from time 
of loading, suggesting that compressive deformation behavior is similar to the 
primary stage of elongation in tensile creep and stress-rupture tests. He rec- 
ommends caution, however, in the general application of hot hardness results 
to the prediction of creep strengths and with this the author completely agrees. 

It may be well to again emphasize that the hot hardness tester described 
in the paper was designed and constructed to facilitate the preliminary selection 
of the most promising refractory alloys for gas turbine service. The results 
obtained in the apparatus on chromium-base alloys saved considerable time in 
their development as the hot hardness vs. stress-rupture data indicate, but we 
must indeed be wary in attempting to apply such a short-time test relationship 
to all classes of alloys under long-time loads at any or all elevated tempera- 
tures. The time factor becomes increasingly more significant in nullifying 
simple relationships at elevated temperatures as less stable alloys are tested. 
Oxidation and diffusion rates influence phase changes which definitely com- 
plicate the correlation of short and long-time test results. 


We may hope, however, that in the future, some of the time-dependent 
variables can be more accurately evaluated and when combined with hardness 
testing will serve to predict the elevated temperature properties of metals and 
alloys. 





NONDESTRUCTIVE INSPECTION OF MINE 
HOIST CABLE 


By P. E. CAVANAGH AND R. S. SEGSWORTH 
Abstract 


An account of the development of a practical non- 
destructive method for inspection of wire rope while in 
service is presented in this paper. Preliminary experiments 
are described which established fundamental relationships 
between the magnetic and electrical properties and in- 
creases in stress in wire ropes. Proper choices of coil 
design and test frequencies are important to provide satis- 
factory meter indications of changes in properties through 
use of available commercial test instruments. Further tests 
were carried out under normal operating conditions to 
determine whether the fundamental relationships between 
stresses in wire rope and instrument readings still held at 
high hoisting speeds. It was found that the test procedure 
did not interfere seriously with normal operation of a mine 
hoist. 

Tests were continued on a small experimental hoist 
to insure that all possible types of defects could be detected 
under operating conditions. All type of defects are identi- 
fied as regions where the remaining load-carrying wires 
are subjected to a higher unit stress than the unit stress 
in wires in the rest of the rope. 


ANY attempts have been made to devise some nondestructive 

means of inspecting wire rope while in service, in order to 

locate defects and possible sources of failure. Although no method 

has appeared which provided a practical means of achieving this end, 

considerable work is still going on in several countries in this field. 

ad been shown in a brief investigation carried out in 

It had been shown in a brief investigation carried out 1944 

that the Du Mont Cyclograph was capable of locating several types 
of defects in aircraft control cable (1).? 

Immediately after the Paymaster Mine Disaster in February, 

1The figures appearing in parentheses pertain to the references appended to this paper. 

A paper presented before the Twenty-eighth Annual Convention of the 

Society held in Atlantic City, November 18 to 22, 1946. Of the authors, P. E. 

Cavanagh is research fellow, Ontario Research Foundation, and consulting 

metallurgist, Allen B. Du Mont Laboratories, Inc., and R. S. Segsworth is 

research engineer, The Generali Engineering Company, Ltd., Toronto, Ontario. 

Manuscript received July 9, 1946. 
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1945, where sixteen men were killed as a result of the failure of a 
hoisting rope, The General Engineering Company of Toronto, Can- 
ada, began a series of tests to ascertain whether the Cyclograph could 
be used to detect dangerous faults in wire ropes. Early tests gave 
encouraging results. Since then, test and development work has been 
carried on continuously in co-operation with the Allen B. Du Mont 
Laboratories, Inc., Passaic, New Jersey, and the Ontario Research 
Foundation, Toronto, Canada. 

The Du Mont Cyclograph has been described in current litera- 
ture (2), (3). 

By varying one factor at a time in otherwise identical samples, 
it may be shown that the Cyclograph will indicate differences in 
such metallurgical properties as hardness, structure, carbon, alloy 
content, etc. It will also show differences in stress. It is not par- 
ticularly sensitive to small changes in volume of the sample. A great 
deal of experimental work has been performed to establish the funda- 
mental relationships between the changes in stress conditions and the 
accompanying changes in magnetic and electrical properties of metals, 
as indicated by the Cyclograph (4), (5). 


PRELIMINARY EXPERIMENTS TO ESTABLISH FUNDAMENTAL 
RELATIONSHIPS 


The first laboratory series of tests on wire ropes was limited to 
ropes of % inch diameter. Fig. 1 shows the apparatus as set up for 
these tests. Load was applied to the rope by means of an arbor 
press shown on the right and measured by means of a hydraulic cyl- 
inder and pressure gage shown at the other end of the test piece. 
Coils were wound on suitable forms and moved along the rope dur- 
ing tests. 

Good correlation was obtained bewteen Cyclograph readings and 
load on the rope. Faults, such as those created by breaking a num- 
ber of wires at a point, could be located by moving the test coil along 
the rope and noting a change in Cyclograph reading where the coil 
passed over a fault. This was only possible, however, when the rope 
was loaded. With the proper test frequency, the change in reading 
at a fault was in the same sense as that obtained by increasing the 
load on the rope. Thus the Cyclograph was responsive to stress in 
the rope and a fault was located as a region of abnormal stresses. 

Ultimately it was found possible to select an arbitrary limit and 
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Fig. 1—Apparatus Set Up for Tests of %-Inch Rope. 


to set the relay circuit in the Cyclograph so that if the stress in the 
rope exceeded this pre-selected limit, the relay would close, making 
power available to operate a signal light or other warning device. 

The warning would operate if the coil were moved over a fault 
while the load on the rope was held below the selected limit because 
unit stress in the remaining load-carrying wires at the fault was 
higher than in the rest of the rope. 

Arrangements were made in co-operation with the technical Com- 
mittee on the Paymaster Disaster (7) to conduct a series of tests on 
larger ropes. 

Load was applied by the Riehle 400,000-pound testing machine 
in the General Testing Laboratory in the Electrical Building at 
the University of Toronto. Babbitt sockets were attached to the ropes 
by the Rope Testing Branch, Department of Mines, to fit special 
grips. The initial experiments involved variations in rope diameter, 
coil diameter, and test frequency of the Cyclograph. 

Curves shown in Fig. 2 give the relation between coil diameter 
and Cyclograph response as the load on the rope was varied. It may 
be noted that coil S-1 (1-inch diameter hole) gave a response roughly 
ten times that obtained with coil A-1 (3-inch diameter hole), but 
it is entirely feasible in practice to obtain satisfactory results with 
a coil of the larger diameter. It was also found that if the rope was 
held in an area approximately 2 inches in diameter about the cen- 


ter of the coil A-1, the Cyclograph reading did not change signifi- 
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Load in Kips 


Fig. 2—Test With Varying Coil Diameters—%4 Inch 
Lang-Lay 6:19 Wire Rope. 





Fig. 3—Typical Cyclograph Coils Used for Wire Rope Testing 


cantly with eccentricity of the rope relative to the coil. With coil 
C-1 (2-inch diameter hole), eccentricity of the rope relative to the 
coil made no significant change in the Cyclograph reading. Typical 
coils are shown in Fig. 3. 

These results indicated that normal slap and movement of the 
hoisting rope in the shaft would have no significant effect on the 
results obtained, if tests were carried out under normal operating 
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Cyclograph Reading 
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Load on Rope in Kips 


Fig. 4—Effect of Test  Fre- 
quency on Correlation with Stress 
in Cable. 


Cyclograph Reading 





Rope Load in Kips 


F¥g. 5—Hysteresis Effect with Rapid Change of Load 
on %4-Inch Lang-Lay 6:19 Rope—Head on Tensile Testing 
Machine Moved at Rates Shown to Obtain Different Load- 
ing Speeds. 


conditions (6). A 3-inch coil would provide for 2-inch movement 
of the rope with no significant change in reading. Larger coils could 
be used to accommodate greater movement of the rope in the coil. 

In practical application of such an inspection method the wire 
rope will be wet, greasy, and dirty. While these conditions theo- 
retically should have no effect whatever on the instrument reading, 
a series of experiments was carried out to make sure of this fact. 
No influence at all was produced by the most extreme conditions of 
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moisture, grease, and dirt in the laboratory or in later field tests. 
Curves in Fig. 4 show the effect of varying the test frequency. 


It is anticipated that frequencies between 1500 and 5000 cycles 
may be employed in testing normal hoisting ropes. The choice of 
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test frequency is important in obtaining satisfactory results. It is 
necessary to have all types of defect give an increase in total core 
losses, and a corresponding decrease in Cyclograph reading, in order 
to obtain satisfactory operation of the testing instrument. In pre- 
liminary experiments, it was found that a certain range of test fre- 
quencies would give the desired results for a certain diameter of rope 
but that a higher or lower test frequency might give an indication 
in one sense for broken wire and an indication in the other sense 
for corroded wires. 

Curves in Fig. 5 show results obtained at comparatively high 
frequencies with hysteresis loops in the Cyclograph response decreas- 
ing in area with decrease in the rate of loading. This experiment 
was carried out to determine whether circuit inertia and the hysteresis 
effect in stress changes would prevent the detection of extremely 
rapid changes in stress in the rope, which might give rise to failure. 
This factor did not prove important in practical tests. 

The curves in Fig. 6 show results obtained when load on a new 
rope was repeatedly varied between 20,000 and 55,000 pounds. The 
maximum Cyclograph reading decreases asymptotically to a steady 
value. It is a well-known fact that a stretching or “aging” effect 
takes place when a wire rope is first put in service. The normal 
stretching of a new rope is accompanied by a permanent change in 
magnetic properties from their initial value to some new level at any 
given load. 

Fig. 7 shows readings obtained over the whole length of a sam- 
ple at various loads. It appears that there are sensible initial varia- 
tions in the properties of the material of any rope along its length 
which remain even after repeated variations of load. These varia- 
tions in magnetic properties are associated with unimportant changes 
in analysis and slight differences in the amount of cold work in the 
wire. 


DETECTION OF VARIOUS DEFECTS 


A further series of tests was undertaken to determine typical 
Cyclograph response to faults created in test pieces under load. 

In this series of tests, a recording milliammeter was connected 
to the Cyclograph circuit. The paper drive was connected through 
a cord and suitable pulleys to the coil so that movement of the paper 
was proportional to movement of the coil along the sample in the 
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Fig. 8—Apparatus Set Up on the 400,000-Pound Riehle Testing Machine in the 
General Testing Laboratory of the University of Toronto. 


testing machine. This arrangement gave good permanent records 
of the Cyclograph response, and greatly reduced the labor involved 
in making extensive series of comparative tests. 

Fig. 8 shows the apparatus as set up with a sample of rope in 
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Fig. 9—Closeup cf a Specimen of Rope and a Stress-Strain Recorder in the Test 
ing Machine 


the machine and the Cyclograph, recording milliammeter, coil and 
paper drive mechanism in place. A closer view of a sample with 
test coils and a stress-strain recorder is shown in Fig. 9 and a typi- 
cal sample with coils and babbitt sockets in place ready to be mounted 
in the test machine is shown in Fig. 10. 

These tests were exploratory rather than exhaustive, since the 
aim was to establish the scope of useful application rather than to set 
up accurate calibration. Records of Cyclograph indications were made 
with stranded steel wire ropes with diameters 4, 544, 34, 1, 114 and 


? 
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1% inch, showing the differences between readings for sound cable 
and cable with the following artificially prepared faults: 
1. Corrosion 


2. Abrasion 
3. Kinking 
4. Bruising 


5. Broken Wires 
The range of loading was from zero to the breaking point. 


As stated previously, the best correlation between change in 
Cyclograph reading and faults in the rope was obtained with a tech- 
nique which made the Cyclograph primarily responsive to stress in 
the rope. With this approach, faults in a loaded rope are disclosed 
by the Cyclograph as areas with higher than normal stress. 
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Fig. 12—Cyclograph Readings Along a Sample of 1-Inch 6:19 Lang-Lay Rope 
Corroded at One Point by Applying Drops of a Mixture of Strong HCl and HNOs. 
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Fig. 13—Cyclograph Readings Along a Sample of 1-Inch 6:19 Lang-Lay Rope 

Corroded at One Point by Applying Drops of a Mixture of Strong HC! and HNQs. 


Fig. 11 shows comparative tests over a length of new 54-inch 
rope and a similar length taken from a rope manufactured to the 
same specifications which failed in service. The Cyclograph indicated 
the weak spots decisively and gave a rough measure of the decrease 
in strength at these points. It is noteworthy that the external appear- 
ance of the sample of rope tested was considerably better in the neigh- 
borhood of the rupture than it was in other parts where misplaced 
and broken wires were visible. 

Figs. 12 and 13 show Cyclograph readings along a sample of 
l-inch 6:19 lang-lay rope corroded at one point by applying 
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Fig. 14—Cyclograph Response to Kinks in Rope. 
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Fig. 15—Cyclograph Response to Kinks in Rope. 


drops of a mixture of strong hydrochloric and nitric acids which 
penetrated the core of the rope. The Cyclograph gave clear devia- 
tions in the readings before the corrosion had reduced the strength 
of the rope by 5%. 

In the first test, the load was maintained at 40,000 pounds and 
Cyclograph readings taken before and after the rope had been cor- 
roded at the point marked “E”. Under these conditions, the recorded 
Cyclograph output gave a distinct indication or “dip” at the corroded 
point. This indication practically disappeared after the load had first 
been maintained for 16 hours and then dropped to zero and 
taken to 60,000 pounds. Later, however, when additional acid had 
reduced the strength of the rope by an estimated 5%, the “dip” 
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Fig. 16—Cyclograph Response to Abrasion Test in 1%-Inch Lang-l.ay CU.W. 
and C 6:19 Wire Rope (New). 
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Fig. 17- Cyeeerere Response to Abrasion Test in 1%-Inch Lang-Lay C.W. 
and C 6:19 Wire Rope (New). 





became more pronounced each time the load was applied. Appar- 
ently plastic deformation was now taking place in the rope, and each 
repeated load increased the distortion of the crystal lattice in the 
metal and thus permanently changed the magnetic and electrical 
properties. 

Before this sample was finally broken, eighteen of the outside 
wires (at point “C’’) were filed down to approximately half of their 
original thickness. Subsequently, at a load of about 60,000 pounds 
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some seven of these wires snapped. As mentioned in the abrasion 
test described below, it was expected that this filing would produce 
a “dip” or else lower the reading for the full length of the sample. 
For reasons not yet apparent, there was no such indication. When 
the rope finally failed, one strand was broken at “C” and six wires 
at “E". 

Figs. 14 and 15 show the Cyclograph response to kink. It is 
noteworthy that the maximum “dip” at the kink is less than that 
which occurred at another point and also that while the “dip” at the 
kink practically disappeared after the first load cycle, the other “dip” 
did not. The rope ultimately failed at a point close to the upper 
socket, quite remote from the kink. 

Figs. 16 and 17 show the Cyclograph response to abrasion in 
tests on a sample of. 1 14-inch 6: 19 lang-lay rope. 


DISCUSSION 


In the limited number of tests conducted, it was noted that with 
regular lay ropes up to 1 inch (which was the largest size tested 
under these conditions), when a fault was created by breaking a num- 
ber of wires at a point, the Cyclograph recording showed a distinct 
“dip” when load was applied and the coil moved over the spot. If, 
however, the rope was vibrated by hammering while under load, the 
“dip” disappeared, but the level of readings over the length of the 
sample dropped to approximately the level of the bottom of the origi- 
nal dip. The gentle application of additional load would usually pro- 
duce another dip which would disappear as above, if the rope were 
vibrated. With lang-lay construction, and especially with large 
sizes, the “dip” was usually much less evident and the level of the 
readings over the whole length of the sample fell when wires were 
broken. 

As a possible explanation, it is suggested that the broken wires 
pick up their share of the load by friction in the regular lay construc- 
tion within a short distance of the break so that there is a distinct 
increase in stress in the remaining wires only in the immediate region 
of the fault. When the rope is vibrated, however, the broken wires 
slip and release their proportion of the load which is distributed to 
the others throughout the length of the sample. With lang-lay 
construction, there is perhaps less locking between wires so that the 
broken wires do not pick up any significant proportion of the load in 
the length of the sample. 
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Fig. 18—Cyclograph Response in Test of Three Samples of 1-Inch Flattened 
Strand Rope Removed from the Skip Compartment of the Paymaster Mines. 


Sample 24 
Tests ON Ropes WuicuH FAILED IN SERVICE 


Figs. 18, 19 and 20 show Cyclograph response in test of three 
samples of l-inch flattened strand rope removed from the Skip Com- 
partment of the Paymaster Mines. 

Unfortunately, the readings for Sample 24 are not directly com- 
parable with those for Samples 12 and 25, since coil L-1-2 was 
destroyed when Sample 24 broke and other coils had to be used for 
the other two samples. It is significant, however, that in Sample 24, 
the Cyclograph clearly indicated the weakest parts in the section cov- 
ered, as confirmed by measurements of diameter and the fact that 
wires started to break at the point shown. 

Sample 25 showed little variation over its length and compara- 
tively little change with load, indicating a sound rope, as was con- 
firmed by the high breaking load. 

A distinct and rapid change occurred in the readings taken on 
Sample 12 between the loads of 50,000 and 60,000 pounds. This 


apparently more or less corresponds to the “break” in the stress- 
strain curve. 


The whole section of rope was badly damaged and in poor con- 


dition over its entire length, as indicated by the low breaking load 
of 78,000 pounds. 
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Fig. 19—Cyclograph Response in Test of Three Samples of 1- 
Inch Flattened Strand Rope Removed from the Skip Compartment of 
the Paymaster Mines. 
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Fig. 20—Cyclograph Response in Test of Three Samples of 1-Inch Flat- 
tened Strand Rope Removed from the Skip Compartment of the Paymaster 


Mines. 
Sample 25 


Fre_tp Tests TO DETERMINE WHETHER TESTS CouLD BE 
CARRIED Out UNDER OPERATING CONDITIONS 


It was not possible to duplicate operating conditions in the lab- 
oratory so a series of tests was undertaken to determine the effect 


a 
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on the Cyclograph readings of rope speed, twist, vibration, etc., and 
to determine if it would be possible to obtain reliable readings on 
ropes under operating conditions. 

It was found that quite satisfactory charts could be obtained at 
the usual hoisting speeds and without seriously interrupting normal 
hoisting operations. Once the apparatus was calibrated, it was pos- 
sible to determine the suspended load on the rope from the Cyclo- 
graph readings. Changes in stress due to acceleration and decelera- 
tion were also noted. 

None of the ropes tested proved to be faulty. Tensile tests were 
made on sections taken from portions of ropes where the Cyclograph 
readings departed appreciably from the average. The tensile tests 
showed that the ultimate strength of the rope had not been impaired. 

In more recent laboratory work similar variations in Cyclograph 
readings have been produced artificially by straining some wires in 
the rope a little beyond their yield point (5). The cold working so 
produced alters the structure and changes the Cyclograph response, 
but may actually increase the ultimate strength, and sometimes the 
fatigue life. The important fact is that a stress concentration is caus- 
ing some lattice distortion at such a point. Further distortion at this 
point will ultimately result in significant damage to the rope. 

The Ontario Department of Mines kindly arranged with Dome 
and Hollinger Mines for the tests which were conducted on their 
ropes between September 25 and October 5, 1945. The first work was 
done at the Dome No. 6 shaft at Timmins, Ontario, Canada, under 
very favorable conditions, thanks to the generous co-operation of the 
mine staff. 

The Cyclograph was set up on a platform in the headframe and 
using suitable split coil forms and a simple winding jig, coils 
were wound in place without disturbing the hoisting rope. An Ester- 
line-Angus recording milliammeter was connected to the Cyclograph 
to permit making a permanent record. After some preliminary tests 
the recorder was set up in the hoist room and the paper driving 
mechanism connected to the hoist through an appropriate drive, so 
that movement of the paper in the recorder was proportional to move- 
ment of the hoisting rope. The hoist was operated at various speeds 


up to the maximum of approximately 1200 feet per minute and with 
various loads. 


Data from typical charts produced by this means are shown in 
Fig. 21. It will be noted that except for about 100 feet of rope 
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Fig. 21—Cyclograph Charts Made on Platform in the Head- 
frame of Dome Mine Number 6 Shaft. 
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Fig. 22—Cyclograph Charts Made on Platform in the Head- 
frame of Dome Mine Number 6 Shaft. 


adjacent to the skip the record is quite uniform. It will also be noted 
that the addition of 10,000 pounds to the suspended load caused the 
recorded line to shift but did not change the general characteristics. 

The chart shown in Fig. 22 was produced using a comparatively 
high sensitivity on the Cyclograph and by changing the load without 
moving the rope. It will be noted that it was possible to record a 
change of only a few hundred pounds in the suspended load. 

Tests were also made on the two skip ropes. Here again the 
record as shown in Fig. 23 is remarkably uniform except for a short 
section adjacent to the clamps. 

It was found that “bumps” could be produced in the chart by 
applying the brakes rather suddenly when the hoist was in motion. 








1947 INSPECTION OF MINE HOIST CABLE 535 


Except for this and the fact that at very high speeds friction between 
the pen and paper in the recorder and circuit inertia tended to pre- 
vent recording extremely sharp changes, speed variations did not 
appear to make any appreciable differences in the charts. 

The No. 10 rope on the skip at the No. 1 shaft of the Hollinger 
Consolidated Ross Mine was about due for replacement at the time 
of the tests and so arrangements were made to test this rope before 
it was removed. 

In this case the Cyclograph was set up in the hoist house and 


| Ft From Top Clamp 






South Skip Rope 
ISFt 2950Ft 


2 Ft From Top Clamp ' 





North Skip Rope 
IS Ft 2950Ft 


Fig. 23—Cyclograph Charts Made on Platform 
in the Headframe of Dome Mine Number 6 Shaft. 


the coil, wound in place on the rope, was suspended on two wires 
strung one above and one below the rope slot in the hoist house wall. 
This permitted the coil to move with the rope as it wound on or off 
across the face of the drum. Hoisting operations were held up only 
half an hour while the equipment was being set up and it is felt that 
this time could be reduced considerably. The paper drive on the 
recorder was again connected to the hoist and quite satisfactory rec- 
ords were secured at the normal hoisting speed of 1125 feet per 
minute. 


It was anticipated that some trouble would be experienced in 
locating defects which might occur in only % or 1-inch of rope length. 
Since the test coil only examines about % inch of rope length at 
a time, the speed of response of the instrument circuits would have 
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to be very rapid to receive a signal of this type and duration at a 
hoisting speed of 1000 feet per minute rope travel. Fortunately, 
due to the efficiency of wire rope in distributing an increased load, 
the problem is simplified since the increase in unit stress caused by 
a defect is extended over a considerable length on either side of the 
defect and allows adequate time for the instrument circuits to. respond 
to any change in properties at maximum hoisting speeds. 

Typical charts taken during normal hoisting operations are shown 
in Fig. 24. Samples were cut from this rope and subjected to ten- 
sile tests. 

Samples were also cut from the end of the Dome cage rope 
starting at 734 inches, 6 feet 7 inches, 12 feet 7 inches and 16 feet 
7 inches from the top clamp. These have been given tensile tests 
and have proved to be sound as far as straight tensile tests could 
determine. 

As stated before, it is considered that some of the first varia- 
tions found in Cyclograph recordings are due to the effect of cold 
working which can increase the ultimate strength of the rope under 
some conditions. It is always necessary to determine the amount of 
change in reading which indicates that significant damage has been 
done to the rope. 

The method indicated for using this test would be to take peri- 
odical recordings and set a limit for allowable variation of any por- 
tion of the rope from its normal reading under a certain load. By 
this means, any change in properties which would alter the Cyclo- 
graph response could only be due to a change in the unit stress in 


the rope or the beginning of plastic deformation which would ulti- 
mately lead to failure. 


DEVELOPMENT OF SPECAIL PorTABLE TEST EQUIPMENT 


With data and experience gained in these laboratory and field 
tests, new portable apparatus has been developed primarily for rope 
testing work. In this apparatus features of the standard Cyclograph 
not required for rope testing have been eliminated and the circuits 
especially designed for the particular conditions encountered in the 
rope tests. This new apparatus is shown in Fig. 25. 

The test coil connected by a short length of cable to the smaller 
unit is mounted in any convenient position such as in a headframe 
immediately below the sheave. A special cable in 100-foot lengths 
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Fig. 25—Du Mont Cable Tester. 


is provided to connect this smaller unit to the main apparatus which 
may preferably be located in the hoist house. It is usually easy to 
arrange a drive from the hoist to the paper drive in the recorder so 
that movement of the paper will be proportional to movement of the 
hoist rope. 

A block diagram of the instrument is shown in Fig. 26. Pro- 
vision has been made for adjusting the instrument sensitivity either 
in the remote headframe unit or the main hoist room unit. Fre- 
quency response of the circuits has been adjusted to give optimum 
performance at the test frequencies used in the inspection of wire 
ropes. The d.c. output is provided from a circuit designed to oper- 
ate an Esterline-Angus 1 mil. recording milliammeter. The meter 
reading increases as total core losses increase. By proper choice 
of test frequency and adjustment of instrument circuits, the meter 
response can be made linear with respect to increases in stress in 
the wire rope over a limited range. A 110-volt relay is also pro- 
vided, which can be set to operate at any desired level. Tie operator 
can take periodic recordings over the length of the rope to deter- 
mine whether or not any point on the rope has departed from its 
normal reading at a standard load and hoisting speed. The relay 
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Fig. 27—-Experimental Hoist and Cable Tester. 


can be set at some specified limit so that if the properties of the 
rope change more than an allowable amount at any point at any time 
during normal operation, a warning light will operate. The same 
signal from the relay can also be used to start the recorder operat- 
ing and take a continuous record as soon as some unusual condi- 
tion arises. 
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Fig. 28—-Experimental Hoist Showing Overhead Sheaves and 
One 1000-Pound Weight. 


LABORATORY TESTS ON AN EXPERIMENTAL Hotst 


A series of tests has been undertaken in the laboratory of the 
Ontario Research Foundation where a model hoist has been set up. 
One-quarter-inch diameter ropes have been used. The general 
arrangement of the small hoist can be seen in Figs. 27 and 28. The 
hoist was deliberately designed so as to abuse the rope severely. The 
overhead sheaves are about one-quarter the proper diameter and the 
drum which drives the rope is much too small for proper operation. 
These features provide severe bending of the wire rope. The load 
applied to the rope is higher than the normal working load so that 
failure of the wire rope in this hoist is greatly accelerated. 

In the first tests the rope was driven by means of a simple cap- 
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Fig. 29—Cyclograph Recordings Taken at Various Loads—Cable 
No. 1, Canada Wire and Cable Co. %-Inch Wire Rope. 
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Fig. 30—Cyclograph Recordings Showing Pro- 
gressive Failure in Rope of Fig. 29. 


stan connected through suitable gearing and V belts to a 5 hp. motor. 
Limit switches were arranged to reverse the motor automatically at 
the end of each trip and a counter recorded the number of trips 
completed. A small chain and gear arrangement drove the recorder 
paper from the hoist drum. 

It was discovered that torque introduced into the rope as it 
slipped over the capstan while winding on and off introduced compli- 
cated stresses which sometimes masked conditions it was desired to 
observe. In more recent work, the capstan has been replaced by a 
grooved drum which more nearly duplicates conditions encountered 
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Fig. 31A—Failure Which Occurred at Point 


Indicated as Defective by Instrument—Cable No. 1 
—Canada Wire and Cable Co. %-Inch Wire Rope. 

Fig. 31B—Typical Defect Which Developed 
at Several Points in Rope—Cable No. 2—-Canada 
Wire and Cable Co. %-Inch Wire Rope. 
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Fig. 32—Cyclograph Recordings of Cable No. 2 Carried to Destruction. 


in normal wire rope service. Work with this equipment is continuing 
and will include further investigations of all normal rope faults as 
well as providing data on normal changes occurring in a rope through- 
out its working life. 

Several 44-inch wire ropes have been run to destruction in this 
experimental hoist and recordings taken as failure progressed. 


Cable No. 1 (Canada Wire and Cable Co. %4-Inch Wire Rope) 


This rope was run at gradually increasing loads up to a maxi- 
mum of 1000 pounds on each end. Typical recordings are shown in 
Fig. 29. An idea of the sensitivity of the instrument in terms of 
load in pounds per square inch may be obtained from this series 
of tests. 

One point on the rope was next filed carefully with a flat file 
until about one-fifth of the diameter of the outer wires of the rope 
had been removed. The rope was then run to destruction. Failure 
occurred at the point which had been abraded by the file. Fig. 30 
shows the record of the progression of failure in this rope. The pho- 
tograph, Fig. 31A, shows the manner in which one strand parted 
at the point of failure. 








544 TRANSACTIONS OF THE A. S. M. Vol. 38 
Cable No. 2 (Canada Wire and Cable Co. %4-Inch Wire Rope) 


This rope was run with the 1000-pound load on each end to 
destruction. No artificial abrasion or corrosion was performed. 
Individual wires began to break in the rope after three days’ test 
(see Fig. 32). The rope was examined visually from time to time 
after this as new points of failure were indicated on the graph. As 
each sharp peak developed, it was possible to locate visually broken 
and misplaced strands in most cases but in two instances no visual 
indication of failure could be observed. Fig. 31B illustrates the type 
of failure which developed in this rope. 


CONCLUSIONS 


It has been shown that it is now possible, without seriously inter- 
rupting normal operations and without damaging the rope in any 
way, to obtain charts with the Rope Tester (as developed from the 
Cyclograph) which will give a measure of the stress in a rope. It 
is considered that it may ultimately be possible to determine the con- 
dition of a rope at all points throughout most of its length from a 
study of such charts, taken over a period of time while the rope is 
in normal use. 

The course now being followed involves continuation of the lab- 
oratory tests now in hand and also extensive regular field tests. The 
latter consist of taking charts of a number of ropes in regular serv- 
ice in mine shafts at periods of not more than a month as well as 
daily or even hourly charts on one or two selected ropes. Such a 
program will make it possible to build up data and develop technique 
to obtain the maximum possible benefit from the very promising 
possibilities which seem to be offered by this apparatus (7). 


ACKNOWLEDGMENT 


The authors wish to acknowledge the assistance given this inves- 
tigation by the Minister of Mines for Ontario, the Committee for 
the Paymaster Mines Disaster, and the staffs of the gold mines in 
the Timmins and Porcupine area of Ontario. 


References 
1. Curtiss-Wright Corporation, “A Study for the Improvement of Fabricat- 


ing and Handling Aircraft Control Cable,” Report No. V-258 D4, Feb- 
ruary 1945, p. 40. 





1947. DISCUSSION—INSPECTION OF MINE HOIST CABLE 545 


hN 


P. E. Cavanagh, “High Frequency Devices for Establishing Identity,” 
METAL Procress, American Society for Metals, Vol. 48, No. 4, Octo- 
ber 1945, p. 1000. 

3. “The Cyclograph,” Electronic Industries, November 1943, p. 86, 87, 238 and 

240. 

4. P. E. Cavanagh, “Stress Comparisons by Correlation with High Frequency 
Magnetic and Eddy Current Losses,” Transactions, American Society 
for Metals, Vol. 36, 1946, p. 137-164. 

P. E. Cavanagh, ““A Method for Predicting Failure of Metals,” Proceed- 
ings, American Society for Testing Materials, Vol. 46, 1946. 

6. R. S. Segsworth, “Examination of Wire Rope With the Cyclograph, Re- 
port of Field Tests,” General Engineering Co. (Canada), Ltd., report 
of January 29, 1946. 

Report of the Committee on the Paymaster Mines Disaster, Province of 
Ontario Dept. of Mines. 


wn 


“I 


DISCUSSION 


Written Discussion: By T. W. Wlodek, metallurgist, Physical Metal- 
lurgy Research Laboratories, Canada Department of Mines and Resources, 
Ottawa, Ontario, Canada. 

From the results presented in this research paper by P. E. Cavanagh 
and R. S. Segsworth we have learned that the Cavanagh high-frequency 
magnetic method for the inspection of mining hoist ropes is quite ready to 
leave the laboratory stage and to undergo actual field tests for the benefit of 
the safety of miners. 

Especially at present, because of the development of improved working 
conditions aiming to increase the safety of the miners, this method will be 
welcomed both by companies and the working community. 

As we have seen, Cavanagh’s method may be used for the following two 
purposes amongst others: 

1. To detect corrosion, broken wires, etc., indirectly, by revealing the 
stress concentrations caused along the cable by these defects. 

To detect the progress of plastic deformation in working cable and 
determine the places showing stress concentration caused by excessive 
plastic deformation. 

A variety of magnetic methods and instruments are at present in use for 
periodic inspection of members whose safety is important, e.g., railway tracks, 
and steel cables used in the mining industry or in transportation. These meth- 
ods are based mainly on measurements of magnetic stray fields, using AC and 
DC. 

As described by the authors, the application of the high-frequency method 
to the inspection of wire rope is a considerable step forward in the develop- 
ment of a magnetic method suitable for nondestructive examination of metals 
and for constant inspection of important elements. 

In the United States and Canada the interest of engineers is directed in- 
creasingly toward the magnetic analysis of metals. Particularly now, when 
the fundamental physical basis of ferromagnetism has been greatly advanced, 
metallurgical engineers are more encouraged to take full advantage of this 
tool, which is sponsored by DuMont and the Ontario Research Foundation. 


th 
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This nondestructive method for the inspection of wire rope in service is 
very promising. Have the authors collected some observations on the stability 
of the cyclograph reading obtained when using wire rope that has been pur- 
posely stabilized magnetically, for example, by (a) magnetization in strong 
or weak fields directed longitudinally or transversely to rope, or (b) mag- 
netization to a chosen value of saturation and placing the rope in such a di- 
rection in the magnetic field that the remanent magnetism will be directed in 
accordance with the corresponding component of the earth’s field, or (c) de- 
magnetization along the whole length? 

It is known that the magnitude and sign of the magnetostriction are in- 
fluenced also by the magnitude of the remanent magnetization, and it might 
be advisable, in examining a long wire rope in a mine shaft, to check the 
magnetic state. This state may have some influence on the high-frequency 
magnetic method. 

Also, in view of the fact that the electrical resistance increases with the 
longitudinal tension for positive magnetostriction and decreases for negative 
magnetostriction, and, on the other hand, the magnitude and sign of the mag- 
netostriction of steel depend on the tension applied and on the distribution of 
vectors of spontaneous magnetization of domains, I feel that the equalization 
of the magnetic state of the whole cable might have an effect on the cyclograph 
reading. What, at present, is the opinion of the authors upon this point? 

It would be very interesting to know if the Cavanagh method would allow 
one to measure, in addition to the measurements described by the authors, the 
difference in core losses at two points on the wire rope. This differential 
high-frequency magnetic method might allow one to increase the sensitivity of 
reading and will show directly the differences in cyclograph readings at two 
points on the rope. The differential readings will not show the progress of 
changes in cyclograph characteristics with the time of use, but only the dif- 
ferences between two points. 

It might also be easier to set up the relay for an arbitrary limit of allowed 
maximum difference of cyclograph readings measured at two points on the rope. 

Written Discussion: By O. W. Ellis, director, Department of Engineer- 
ing and Metallurgy, Ontario Research Foundation, Toronto, Canada. 

The authors are to be congratulated on the excellent report of their work 
on this important problem. Their paper covers the subject so completely that 
one is rather at a loss to find matter for discussion. There are’ one or two 
points, however, on which the speaker would ask for enlightenment. 

The authors remark that “In preliminary experiments, it was found that 
a certain range of test frequencies would give the desired results for a certain 
diameter of rope but that a higher or lower frequency might give an indica- 
tion in one sense for broken wire and an indication in the other sense for cor- 
roded wires”. In view of what seems at first glance to be the likelihood that 
both the rupture and the corrosion of wires in a rope would lead to \an in- 
crease in stress in the undamaged wires, why should these two factors lead to 
what appear to be opposite effects? 

In commenting on Fig. 6 which shows the change in the cyclograph read- 
ing when the load on a new rope is repeatedly varied between 20,000 and 
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50,000 pounds, the authors state that “The normal stretching of a new rope is 
accompanied by a permanent change in magnetic properties from their initial 
value to some new level at any given load”. Is this permanent change in mag- 
netic properties due to permanent changes in the physical state of the indi- 
vidual wires in the rope or is it occasioned by realignment of the wires within 
the rope due to stretching? Presumably the change is due to a change in the 
physical state of the individual wires, if one is to accept the statement made 
earlier in the paper that the cyclograph “is not particularly sensitive to small 
changes in volume of the sample.” Could the authors elaborate on this point? 
Did they make any observations of changes in the mean diameters of the ropes 
when the same were under load in these particular tests? 

Would the authors comment on their statement to the effect that “the in- 
crease in unit stress caused by a defect is extended over a considerable length 
on either side of the defect and allows adequate time for the instrument cir- 
cuits to respond to any change in properties at maximum hoisting speeds”? 
By what mechanism is the increase in unit stress extended over the length of 
the wire in the vicinity of a defect? 

Lastly, in what way do the overhead sheaves in the experimental hoist 
affect the behavior of the rope undergoing test, in view of the fact that that 
portion of the rope undergoing test at no time passes over these sheaves? 

Once again, the speaker wishes to reiterate his belief that this work is of 
fundamental importance. Any method of nondestructive testing of wire rope 
which can predict failure is worthy of investigation, particularly when such 
investigations at the same time reveal something of the physical nature of the 
materials under test. 

Written Discussion: By R. E. Dye, general manager, Dome Mines Lim- 
ited, South Porcupine, Ontario, Canada. 

The investigations reported in this paper are unquestionably of the great- 
est interest to the mining industry. Development of a reliable nondestructive 
method for the accurate determination of the condition of a wire rope through- 
ut its length while the rope is in use has been attempted by many. The 
attainment of success in this would add materially to the service which could 
be obtained with safety from wire hoisting ropes. Of far greater importance 
than any monetary advantage which might emerge is the fact that with such a 
method available the industry could introduce safety features surpassing those 
now prevailing. 

Investigations by the authors of the paper presented appear to have es- 
tablished the fact that it is possible to make observations by the use of the 
cyclograph (or a modification of it) which is definitely related to the stress in 
a rope subjected to test, or in the wires of which the rope is constructed. 

The authors of the paper admit, indeed stress, the fact that the accurate 
interpretation of readings will require further study, as well as the building 
up of a background of experience through field observations during the life 
of ropes in service. 

A study of the graphs in Fig. 30 showing the progressive development 
of the failure point at the point at which the outer wires of the rope were 
filed (not initial “dip” but a rapid development of a “dip” as the test pro- 
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gressed), coupled with a consideration of the graphs in Fig. 32 where observ- 
able broken wires mark the position of successive “dips” in the graphs, leads 
to the thought that perhaps a residual condition in a wire already broken, or 
the condition of a single wire which is on the point of breaking, may be the 
dominating influence in obtaining some of the high curve deflections which are 
not now readily explained. 

To investigate this possibility, if it has not already been eliminated by 
work done but not recorded in the paper, I believe that it would be worth 
while to make observations with the rope tester on a single group of say 114 
straight wire rope wires which were arranged so that the load on the greater 
part of the group could be held at a constant figure while the load on each 
of two or three of the individual wires making up the group could be in- 
creased separately up to the breaking point. An experiment or series of tests 
designed along some such line would highlight the influence on readings ex- 
erted by excessive punishment suffered by a single wire which, in the case of 
a 6 by 19 cable, would be less than 5% of the cross section of the cable. 

Having made these few comments with regard to the paper presented, I 
take this occasion to congratulate the aufhors—not only upon the timely nature 
of their contribution, but upon the skill and clarity with which they deal with 
the subject. 


Authors’ Reply 


As Mr. Wlodek says, a known state of magnetization is necessary for 
successful use of the high frequency core loss method on wire rope in service. 
After considerable experiment, the stable state of magnetization reached in the 
earth’s field after initial magnetic “aging” at service loads has been chosen as 
the reference state. The initial random orientation of domains has been some- 
what altered, but under service conditions of vibration, no further permanent 
change will take place unless lattice distortion or plastic deformation occurs. 

Experiments were conducted to determine the effect of permanently mag- 
netizing a rope locally, both longitudinally and transversely. As would be ex- 
pected, no significant difference in the stress-core loss relationship was pro- 
duced until fields near saturation were used. 

Even where high values of remanent magnetism were produced, the effect 
on core losses could be ignored. Where a wire rope had been strongly mag- 
netized, a local increase in core losses would be produced. This portion of the 
recording would stay constant as would any other portion, unless lattice dis- 
tortion occurred. 

To summarize our conclusions on this question, the natural magnetized 
state encountered in normal service seems the most satisfactory standard state 
of magnetization, since service vibration is sufficient to prevent spurious results 
from temporary changes in distribution of magnetization vectors. The advan- 
tages which might be gained from complete demagnetization or saturation do 
not seem worth the trouble. While variations in state of magnetization do 
occur in the length of a rope in service, they do not interfere with this type 
of test. 
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The differential test method suggested would be quite feasible and would 
have the considerable advantages described by Mr. Wlodek. However, inter- 
pretation of results would be very different. This method may come into use 
later as a supplement to the present development. The readings obtained 
would indicate differences in analysis, cold working history, internal stresses 
and strain in the rope. The task of interpreting the indications which would 
be obtained seems almost impossible at present. It may be that some of the 
work Mr. Wlodek is doing on magnetostriction will give some useful practical 
information which will help in direct practical interpretation of magnetic 
changes in wire. 

The present method of test carefully avoids direct interpretation of mag- 
netic changes and provides practical results by watching continuing change 
only. When the understanding and interpretation of variations in magnetic 
properties have advanced sufficiently, it may be possible and would be desirable 
to develop a differential method, as suggested, to provide supplementary de- 
tailed information on the state of a wire rope. It is not possible with the cable 
tester to examine a rope which has never been tested before and obtain a 
complete picture of its present condition. A differential method might pos- 
sibly be of some use in such a case. 

In regard to the first question by Dr. O. W. Ellis, with respect to the 
direction of change in core loss for different types of defects at certain fre- 
quencies, no detailed satisfactory answer can be given at present. At higher 
frequencies we believe this effect is not entirely due to the well-known Villari 
reversal. At low test frequencies magnetic effects predominate, and the re- 
versal in sign of magnetization changes at higher values of stress in steel does 
cause an increase in some magnetic properties for some defects and a decrease 
in the same properties for other defects. 

One possible explanation for higher frequency behavior is that the total 
high frequency core losses affecting this instrument depend upon the properties 
of the material and also upon total flux penetration, which determines the 
volume of material included in the test field. Changes in electrical resistance 
do follow the behavior of magnetostriction at the Villari reversal. In addition, 
at higher test frequencies, flux penetration is affected greatly by changes in 
resistivity and permeability of the material. It is conceivable that breaking 
wires in a rope will change load distribution, and therefore flux penetration, 
sufficiently so that conditions are not comparable to an instance where corro- 
sion produces the same decrease in rope strength. The method of distribution 
of the additional load on the remaining material may be different for corrosion 
and broken strands. When the rope is corroded, there is ample time for the 
load to be evenly distributed. The difference in stress distribution may have 
sufficient effect on permeability and flux distribution to give rise to the 
observed differences. 

The differences in sign of indication noted (at higher frequencies) between 
bruised or kinked ropes and other types of defects are more easily understood, 
since plastic deformation will definitely change flux penetration considerably 
at high test frequencies and will lead to unpredictable changes in core losses 
with increasing stress. 
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With regard to the “magnetic aging” of a new rope, this is due to changes 
in the magnetic state of the individual wires. The same phenomena can be 
observed on a solid bar. No doubt some proportion of the change is also due 
to minor adjustments of the wires within the rope. No observations on rope 
diameters were made during these aging tests. The cyclograph was originally 
designed to be relatively insensitive to volume changes. A variation of less 
than 10% of the volume in samples under normal test conditions does not 
produce a significant change in reading. 

From the viewpoint of this test method, the ability of a wire rope to dis- 
tribute an increase in unit stress over a considerable length is a very pleasing 
property. As noted during work under static tension, binding and friction be- 
tween wires can apparently transmit to broken wires a large proportion of their 
original load in a very short distance from the break. Vibrating the rope or 
reducing the load allows the broken wires to slip and forces the remaining 
wires to bear the full load for a greater distance from the break. 

A similar mechanism will bring about a gradual change from the new high 
unit stress at the location of any weak spot, where one or more wires are not 
carrying their share of the load, to the original unit stress in the sound cable at 
a distance from this point. 

The experimental hoist in use at present represents an attempt to approxi- 
mate severe mine hoisting conditions. No matter where a single test coil is 
located, there will be a portion of the rope which is not inspected. In the tests 
reported to date, the overhead sheaves had no effect on results. A series of 
tests is contemplated in which all portions of the rope will be examined by 
multiple coils. In these experiments, the influence of the sheaves will be de- 
termined. 

The comment by R. E. Dye, regarding the disproportionate influence of a 
single wire which has been plastically deformed, is very interesting. We 
know that the rate of change in magnetic properties with increasing stress 
increases sharply as plastic deformation starts. It is undoubtedly the case that 
a few plastically deformed wires in a rope will produce a disproportionately 
large increase in core losses with increasing stress. This means that the linear 
relationship at first established between stress and core losses for a sound 
rope in the elastic range will no longer hold true. In a rope with one or more 
plastically deformed strands, the core losses will increase much more rapidly 
with increasing stress than is the case with 'the original sound rope. This fact 
explains the reason for the great sensitivity of the core loss method to cold 
working damage produced by kinking or bruising. The core loss method can 
reasonably be expected to indicate easily a decrease in rope strength of the 
order of 5% due to corrosion or abrasion, or even less if local cold working 
is involved. 

It is fortunate that we do not have to interpret the magnitude of all 
changes in core loss in terms of per cent damage. The conception that only a 
continuing change can result in failure greatly simplifies the problem. It is 
possible to set a maximum value beyond which continuing change becomes 
dangerous, but it is not necessary—or indeed possible at present—to interpret 
ail core loss changes in terms of rope strength. 








INFLUENCE OF THE STRAIN RATE AND THE STRESS 
SYSTEM ON THE MECHANICAL PROPERTIES 
OF COPPER 


By D. J. McApam, Jr., G. W. Gert anv D. H. Wooparp 


Abstract 


By means of slow tension tests of differently notched 
specimens a study has been made of the influence of the 
notch angle on the flow stress, ultimate stress, and break- 
ing stress of cold- rolled oxygen-free copper. The results 
show the influence of the ratio of transverse to longitudinal 
tensile stress on the flow stress and technical cohesion 
limit. Comparison of these results with previously ob- 
tained results of ordinary tension tests shows the influence 
of the difference in strain rate on the technical cohesive 
strength. Diagrams are presented to show the combined 
influences of strain rate and stress system on the technical 
cohesion limit. Consideration is also given to the equiv- 
alents of increase in temperature and decrease in strain 
rate in their effects on cohesive strength and ductility. 


INTRODUCTION 


N a series of papers (2) to (11),? it has been shown that the 

resistance of a metal to fracture, its technical cohesive strength, 
depends on all three principal stresses.2 The technical cohesive 
strength thus comprises an infinite number of technical cohesion limits, 
each corresponding to a specific combination of the principal stresses. 
It has been shown also that the technical cohesive strength varies 
with the stress system (2) to (11), plastic deformation (2) to (11), 
temperature (6), (7), (9), (10), (12), and the strain rate (12), 





'The figures appearing in parentheses pertain to the references appended to this paper. 
“Any stress system may be resolved into three principal stresses normal to three 
mutually perpendicular planes, known as the principal planes, on which there is no 
shearing stress. Tensile stresses are viewed as positive, and compressive stresses as 
negative. In this paper as in previous papers, the algebraically greatest principal stress 


will be designated S;, the least principal stress will be designated Ss, and the intermediate 
principal stress will be designated S.. 


Ay paper presented before the Twenty eighth Annual Convention of the 
Society held in Atlantic City November 18 to 22, 1946. The authors are asso- 


ciated with the National Bureau of Standards, Washington, D. C. Manuscript 
received July 22, 1946. 
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and that these variations are qualitatively the same as the corre- 
sponding variations of the flow stress.* 

The most recent of the papers (12) shows the influence of the 
strain rate and temperature on resistance to fracture, flow stress, and 
ductility of monel metal and copper. That paper, however, is based 
primarily on results of creep tests of unnotched specimens. Attention, 
therefore, is confined to the influence of strain rate and temperature 
when the stress system is unidirectional tension (S,—S,—0). 
The present paper presents results of an investigation of the influence 
of the stress system and the strain rate on the flow stress, technical 
cohesion limit, and ductility of copper. The paper is based on results 
of very slow tension tests at 110 F with variously notched specimens. 
These results are compared with results of creep tests of unnotched 
specimens and ordinary tension tests. 

In many conditions of temperature and creep rate, the third 
stage* of creep of an unnotched specimen under a constant load begins 
when the rate of work hardening decreases below a certain value. 
As shown in a previous paper (12), however, the third stage some- 
times is initiated by the formation and growth of microscopic cracks. 
The “true” stress at the beginning of this progressive disintegration 
is the technical cohesion limit corresponding to that combination of the 
stress system, amount of prior plastic deformation, temperature, and 
strain rate. Moreover, the “true ductility” is measured by the amount 
of plastic deformation at the beginning of the progressive disintegra- 
tion, not at complete fracture (rupture). As shown in the previous 
paper (12), the technical cohesion limit, flow stress, and ductility for 
unidirectional tension increases with increase in the strain rate and 
with decrease in temperature. In the present paper, attention is 


given to the variation of the same properties with the strain rate and 
the stress system. 


METHOD OF INVESTIGATION, SPECIMENS, MATERIAL AND APPARATUS 


In this paper as in most of the previous papers (5) to (10), 
attention is confined to stress combinations with two of the principal 
stresses equal (S,=—5S,). Such stress combinations would be pro- 
duced by subjecting a cylinder to combinations of uniform axial and 


*Flow stress is here used in its generally accepted significance to designate the 
greatest principal stress during flow. 


‘In the first stage of creep, under a constant load, the strain rate decreases; in the 
second stage, the rate is nearly constant; in the third stage, it increases. The relative 
duration of the second stage varies considerably with the temperature and the strain rate. 
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transverse radial stresses. The uniform radial stress may be resolved 
into two equal principal stresses, with the mutually perpendicular 
directions rotatable around the axis of the cylinder. Uniform radial 
tensile stress, however, cannot readily be produced in combination 
with uniform axial tensile stress. When a notched cylindrical speci- 
men is subjected to longitudinal tension, the minimum section is under 
transverse radial tension. The mean radial stress tends to increase 
with the depth and sharpness of the notch, but is always less than 
the longitudinal stress. The transverse radial stress, however, is not 
uniform, and is always zero at the periphery of the minimum section. 
The longitudinal stress, moreover, is initially highest at the periphery. 
Even slight plastic deformation, however, greatly diminishes the 
concentration of longitudinal stress. The tangential and radial 
stresses after plastic deformation are nearly equal at any point in the 
minimum section except possibly at the periphery, where the radial 
stress remains zero. By the use of suitably designed notched speci- 
mens, the influence of the stress concentration is minimized, and the 
influence of the radial stress ratio (S,/S,) is revealed (5). 

In the present investigation this purpose is attained by the use 
of deeply notched specimens (5). Nearly all the notches were of 
about the same depth (k = about 0.16),° but the notch angle (@) 
varied greatly. The root radius (r) for the specimens tested at the 
slow rates, and for most of the specimens used in the ordinary tension 
tests, was 0.01 inch. For some of the specimens used in the ordinary 
tension tests the root radius was 0.004 or 0.001 inch. Most of the 
notched specimens were about 5% inches long; those having large 
notch angles were necessarily somewhat longer. The ends of the 
specimens were threaded to 34 inch in diameter. Between the 
threaded ends, each specimen was 7 inch in diameter. A circumfer- 
ential V-notch of selected angle was machined at the mid-section ; the 
notch radius was carefully machined so that the conical sides of the 
notch were tangent to the arc at the root. Care was taken also to 
avoid significant heating, bending, or appreciable cold working during 
machining. 

The specimens were taken from the same cylindrical bar of 
oxygen-free copper that was used for the creep tests of unnotched 
specimens (12) and for the ordinary tension tests (5), (6). The 
bar had been cold-rolled by the manufacturers to 75% reduction of 








"Notch depth is expressed in terms of the relative area (k = b®/B*) of the minimum 
cross section, when b and B are the minimum and maximum diameters of the specimen 


(see insert sketch of Fig. 2). Thus, the greater the notch depth, the smaller is the 
value of k. 
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cross section. It was supplied by the Scomet Engineering Co. 
through the co-operation of Mr. Sidney Rolle, assistant manager. 
The apparatus used for the slow tension tests of notched speci- 
mens was the same that was used in the creep tests of unnotched 
specimens. A description of this apparatus is given in a paper by 





Fig. 1—Reductometer. 


Bennett and McAdam (1). A description of the apparatus and 
methods used in the ordinary tension tests is given in a paper by 
McAdam and Mebs (5). 

During the test of each of the specimens the extension was 
repeatedly measured by means of an optical extensometer (1). For 
a notched specimen, such measurements give merely qualitative indi- 
cation of the strain rate in the minimum section. For quantitative 
determination of the strain rate, an apparatus was devised for measur- 
ing the variation of the diameter of the minimum section.* This 
“reductometer” consists of a single piece of spring steel wire of the 


®*This apparatus was designed by Dr. R. W. Mebs of the National Bureau of Standards. 
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form illustrated in Fig. 1. The large co-planar loops D and D’ 
permit enough movement at the corners C and C’ so that the reduc- 
tometer makes contact with the specimen at three points (F, F’, and 
F”) nearly 120 degrees apart, and that the distance between the 
nearly parallel portions A and A’ varies as the diameter of the mini- 
mum section of the specimen changes during a tension test. Near the 
three points of contact, the wire has been ground to sharp edges so as 
to permit contact at the root of the V-notch in the specimen. Platinum 
strips with fine gage marks have been welded on the extended ends 
E and E’. The relative motion of these strips gives a magnified 
indication of the change in diameter of the specimen. This motion 
can be measured by means of the optical extensometer. The reduc- 
tometer was calibrated by making measurements on a ductile un- 
notched specimen during an ordinary tension test. 

As the temperature in the tests of notched specimens was only 
110 F, ordinary spring steel wire proved satisfactory for the reduc- 
tometer. For use at much higher temperatures, more heat resistant 
metal would be needed. 


THE RELATION BETWEEN STREsS, TIME, AND PLASTIC 
DEFORMATION IN THE SLOW TENSION TESTS 


For a study of the variation of plastic deformation with stress 
and time it is necessary to correlate diagrams of two types. One of 
these types, illustrated by Fig. 2, shows the variation of plastic 
deformation with time; the other type, illustrated by Figs. 3 and 4, 
shows the relation between stress and plastic deformation. 

In order to study the relation between extension and lateral 
contraction during the flow of metal in the vicinity of the notch, both 
these deformations have been expressed in terms of the initial 
diameter (b,) of the minimum section. For small,deformations of an 
unnotched specimen A L/L, = 2A b/b,., where L, and L represent 
the initial and current lengths and b, and b represent the initial and 
current diameters respectively. The same equation would apply to 
the plastic deformation of a notched specimen, if L, be used to repre- 
sent the length of an unnotched specimen that would give the same 
relation between longitudinal extension and lateral contraction. This 
relationship has been utilized in representing the deformations in 
Figs. 2, 3, and 4. For dimensionless representation, the longitudinal 
extensions have been represented in terms of A\ L/b,, and the trans- 
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Fig. 2—Variation of Plastic Deformation With Time. 
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verse contractions have been represented in terms of 2 A b/b,. The 
ratio of corresponding values of these two deformations is the ratio 
of the equivalent length L, to the initial diameter bo. 

In the slow tension tests, as in an ordinary tension test, the load 
was increased gradually by repeated weight additions so as to cause 
a slow predetermined rate of deformation (Figs. 3 and 4). The 
weight additions were stopped when the strain rate began to accel- 
erate, as it does in the third stage of an ordinary creep test. The load 
then was decreased gradually by repeated weight removals in order 
to maintain a fairly constant strain rate. In these experiments with 
notched specimens, the controlled rate was generally less than the 
average strain rate during the approach to the maximum load. The 
time required for the load to reach a maximum ranged from about 
4 hours for the specimen with a 60-degree notch to 630 hours for the 
specimen with a 90-degree notch. A specimen with a 150-degree 
notch was tested, but the curves are not shown in Figs. 3 and 4. The 
time required for the load on this specimen to reach a maximum was 
410 hours. The rate beyond the maximum load, however, was not 
properly controlled. Between two observations, the rate increased 
rapidly and the specimen broke. ‘The final rate, in the absence of 
load control, must have been very high. Consequently, the ductility 
was much greater than that of any of the specimens represented in 
Figs. 3 and 4, and the stress at complete fracture was about twice the 
stress at maximum load. For the other specimens, the plastic 
deformation at complete fracture was slight, and the stress at com- 
plete fracture differed little from the stress at the maximum load 
(Figs. 3, 4, and 6). 

In the first of the slow tension tests, the test of the specimen with 
the 120-degree notch, no transverse strain gage was available. Only 
the longitudinal extensions (A L/b,), therefore, were determined, 
and only one curve of each type was obtained (Figs. 2 and 3). In 
the experiment with the 60-degree specimen, the reductometer was 
not used successfully until late in the experiment. In the other 
experiments, both the longitudinal and transverse deformations were 
determined and two curves of each type were obtained (Figs. 2 and 
4). As the elastic deformations could not be determined, and were 
small in comparison with the plastic deformations, no correction for 
the elastic component of deformation has been made. 

The small triangles in Figs. 2, 3, and 4 indicate the “true” 
stresses at maximum load and at complete fracture. The small circles 
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indicate stresses and strains immediately before changes in the load. 
The stresses thus indicated are nominal stresses, obtained by dividing 
the load by the initial area of cross section. Other measurements 
were made between weight changes, but results have not been plotted. 

During the slow extension of a notched specimen, the relation 
between the transverse and longitudinal deformations evidently varies 
greatly (Figs. 2, 3, and 4). Plastic extension began at very low 
mean stress, probably because of the high initial stress concentration 
at the root of the notch. The immediate increase in the rate of ex- 
tension due to an increase of the load was followed by a decrease, 
which became less prominent with increase in the load. The mean 
rate of extension was kept at approximately the desired value by 
suitable increases of the load. The lateral contraction of the specimen, 
however, was not continuous, and the rate of net contraction was far 
from uniform. After each addition to the load, there was an immediate 
lateral contraction, but this was frequently followed by a lateral 
expansion, which often cancelled the initial contraction and left the 
diameter practically unchanged. The 90-degree specimen (Fig. 4A) 
showed practically no net change in the minimum diameter until the 
stress exceeded 20,000 psi. Moreover, the diameter changed little 
with increase of the stress from 30,000 to 63,000 psi, although the 
specimen was extending at a nearly uniform mean rate. The 48- 
degree specimen (Fig. 4C) showed practically no net change in 
diameter until the stress exceeded about 33,000. With further in- 
creases in stress, there were slight temporary decreases in diameter 
followed by cancellation of these decreases, but the diameter was 
about the same at a stress of 78,000 psi as at zero stress. After the 
load on a specimen reached a maximum, each decrease of the load 
caused an immediate decrease in length and increase in the diameter ; 
the specimen then generally increased slowly in length and contracted 
laterally. Sometimes, however, both the length and diameter in- 
creased between observations. 

The ratio of the equivalent length (L,) to the initial minimum 
diameter (b,) at any instant during the plastic deformation of a 
notched specimen is the ratio of the corresponding abscissas of the 
curves of longitudinal and lateral deformations. In the early stage 
of plastic deformation (Fig. 4), the equivalent length (L,) was many 
times the initial minimum diameter (b,). As the load approached the 
maximum, however, the equivalent length decreased rapidly until 
it was nearly equal to the minimum diameter. 





1947 SOME MECHANICAL PROPERTIES OF COPPER 561 


The course of a curve of variation of the lateral deformation 
evidently is greatly influenced by the stress concentration and the 
transverse radial tension induced by the notch. Each increase in the 
load induces a temporary increase in the concentration of longitudinal 
stress at the root of the notch. Evidently the metal near the root of 
the notch on both sides of the minimum section then flows under the 
influence of the stress concentration and the transverse radial tension. 
This localized flow causes the observed expansion after an increase 
in the load, and thus delays the beginning of continuous lateral con- 
traction. Eventually the localized flow relieves most of the stress 
concentration and the minimum section begins to contract rapidly 
with increase in the longitudinal stress. 


THe TECHNICAL COHESION LIMIT 


~~, _ r 
es 


The course of the curves beyond the point representing the 
maximum load in Figs. 3 and 4 indicates that not only the nominal 
stress but also the true stress decreased as long as the strain rate was 
properly controlled. The rise of the curves between the point repre- 
senting the last strain gage reading and the point representing com- 
plete fracture must be attributed to an increase in the strain rate (see 
also Fig. 6B, to be discussed later). The decrease in the true stress 
beyond the maximum load indicates that progressive fracture began 
approximately at the maximum load and continued until the specimen 
failed by complete fracture. Because of the progressive disintegra- 
tion, the deformation at complete fracture was generally small, and 
the stress at complete fracture generally differed little from the stress 
at the maximum load. The only exception is the 150-degree speci- 
men, which extended at rapidly increasing rate after the load reached 
a maximum (Fig. 6B). In these slow tension tests of notched 
specimens, therefore, the technical cohesion limit was the true stress 
at the maximum load, not the stress at complete fracture. The 
technical cohesion limit for a notched specimen must generally be 
expressed in terms of the longitudinal stress (S,) alone, because the 
transverse radial stress (S,) is not known. The qualitative influence 
of the transverse radial stress, however, can be studied by comparing 
the cohesion limits obtained with variously notched specimens. 

In the usual tension tests of notched or unnotched specimens 
disintegration generally does not begin when the load reaches a 
maximum. The maximum load then is reached approximately when 
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the rate of work hardening decreases below a certain value, and the 
technical cohesion limit is the true stress at eventual abrupt fracture.’ 


INFLUENCE OF THE NotcH ANGLE AND THE STRAIN RATE ON 
THE ULTIMATE STRESS AND BREAKING STRESS 


The upper four curves in Fig. 5 show results of ordinary tension 
tests, which have been discussed in previous papers (5), (6). Results 
of the slow tension tests are represented by the symbols & and +, 
and by curve R’. All the results represented in Fig. 5 were obtained 
with deeply notched specimens (k = 0.09 to 0.18). 

In the ordinary tension tests, represented by curves U and R, 
the strain rate at the maximum load was about 100% per hour. 
During the local contraction to fracture, the true strain rate probably 
increased considerably, even though the rate of extension was de- 
creased. At fracture, the true strain rate may have been as high as 
1500% per hour in these tests of copper. The curves of ultimate 
stress (U) rise continuously with decrease in the notch angle (@). 
The rise is due to the dominant influence of the continuous increase 
in the radial stress ratio (S,/S,) with decrease in the notch angle. 
As the initial stress concentration also increases with decrease in the 
notch angle, the rise of the curves of ultimate stress is opposed by any 
stress concentration remaining when the load reaches a maximum.*® 
The curves of breaking stress (R), however, do not rise continuously 
with decrease in the notch angle. The course of these curves is in- 
fluenced not only by the varying radial stress ratio and stress concen- 
tration, but also by the varying ductility. In the absence of important 
stress concentration, the course of a curve of breaking stresses is the 
resultant of the continuously increasing radial stress ratio and the 
continuously decreasing ductility. Because plastic deformation 
causes continuous increase in technical cohesive strength, the con- 
tinuously decreasing ductility tends to cause a continuous decrease in 
the breaking stress, and thus opposes the influence of the increase in 
the radial stress ratio with decrease in the notch angle. In curves R 
of Fig. 5, the influence of the decrease in ductility eventually becomes 
dominant, and the curves turn downward. 


7Even at ordinary strain rates, fracture of very ductile metals may extend gradually 
from the axis to the periphery of the minimum section (5). 


*Under some conditions, this influence becomes dominant and causes the curves of 


ultimate stress to turn downward with decrease of the notch angle below a certain 
value (5), (7), (9). 
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In the slow tension tests, as indicated by the symbols & and +- 
in Fig. 5, the stresses at maximum load and complete fracture were 
far below the corresponding values obtained in the ordinary tension 
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tests (curves U and R). The true stresses at the maximum load 
(symbols X), as previously shown, are technical cohesion limits for 
the corresponding stress systems and strain rates. Curve R’ shows 
approximately the influence of the notch angle on the technical co- 
hesion limit for a strain rate of 0.002% per hour. The rise of this 
curve with decrease in the notch angle shows qualitatively the in- 
fluence of increasing radial stress ratio on the technical cohesion 
limit. Comparison of curves R with curve R’ shows the effect of a 
decrease in the strain rate from about 1500 to 0.002% per hour. As 
shown in the following section, however, the lowering of the curve is 
due partly to decrease in the technical cohesive strength and partly 
to decrease in the ductility. 


THE INFLUENCE OF THE STRAIN RATE AND THE Notcu ANGLE 
ON THE BREAKING STRESS AND DUCTILITY 


Fig. 6 shows the influence of the strain rate and the notch angle 
on the curve of variation of the flow stress with plastic deformation, 
and on the breaking stress and ductility. The amount of plastic 
deformation is expressed in terms of A, and A, the initial and current 
areas of cross section. As values of A,/A are plotted on a logarithmic 
scale, abscissas represent true strains (5). In Fig. 6B, however, the 
scale of abscissas differs little from a cartesian scale. 

The flow-stress curves for a strain rate of about 0.002% per 
hour (Fig. 6B) are much lower than the corresponding curves for 
the faster strain rate of the ordinary tension tests (Fig. 6A). More- 
over, the decrease in the strain rate has caused a great decrease in 
the ductility. At the strain rate for the ordinary tension tests, the 
ductility of the unnotched specimens of this oxygen-free copper was 
so great that a special procedure was required to obtain even ap- 
proximately correct values of the breaking stress and ductility. When 
ordinary procedure is used, with very ductile metal, the calculated 
values of breaking stress and ductility are too high because of the 
“rim effect”, that is, a continued plastic deformation of the rim of 
the minimum cross section after fracture has started near the center 
(5) (Figs. 18 and 20 of reference 10). Even less ductile metals 
under some conditions exhibit the rim effect (discussion of Figs. 2 
and 5 of reference 7). In the slow tension tests, however, the ductility 
was slight when the rate was properly controlled during the pro- 
gressive disintegration. Even for complete fracture, the plastic 
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deformation was only a few per cent. The true ductility, the plastic 
deformation at the beginning of progressive fracture, was still less. 
For the unnotched specimens (Fig. 6B), the true ductility was about 
0.7%; for the notched specimens, the true ductility ranged from 
about 0.3 to 1.4%.° 

If the metal had been less severely cold-worked prior to the 
experiments, the ductility would have been greater, but the effect of 
the strain rate on the ductility would have been qualitatively the same. 

In the ordinary tension tests (Fig. 6A), the ductility decreased 
with decrease in the notch angle. The decrease in ductility is due 
chiefly to the increase in the radial stress ratio (S,/S,). In the slow 
tension tests, the effect of the notch angle on the ductility was slight 
(Fig. 6B). This relationship is in accord with the evidence, pre- 
sented in previous papers, that the effect of the radial stress ratio 
on the ductility is generally great when the ductility is great, but 
tends to decrease as the ductility decreases (5) to (11). 

As the variation of the ductility with the notch angle in the slow 
tension tests was so slight (Fig. 6B), little allowance for this variation 
is required in evaluating the influence of the notch angle on the tech- 
nical cohesion limit (initial breaking stress). Some allowance, how- 
ever, must be made for the faster strain rate of the 60-degree speci- 
men. Comparison of the results obtained at strain rates of 0.001 to 
0.002% per hour shows that the technical cohesion limit was about 
57% greater for the 48-degree specimen than for the unnotched 
specimen. If the ductility of the 48-degree specimen were the same 
as that of the other specimens, the difference in cohesion limits would 
be even greater. As the unnotched specimen failed without local 
contraction, the true stress at incipient fracture was the cohesion 
limit for unidirectional tension (S,/S,—0). The cohesion limits 
obtained with the notched specimens are higher because of the greater 
radial stress ratios. (Any concentration of longitudinal stress in 
these specimens would tend to lower the mean stress at fracture.) 
Even with the 48-degree specimen, however, the radial stress ratio was 
much less than 1.0. Under polarsymmetric tension (S, = S, = S,) 
the cohesion limit probably would be at least twice the cohesion limit 
for unidirectional tension (5) to (11). In locating point T, in Fig. 
6B, it has been assumed that the disruptive stress (S, —S, — S,) 
is twice the severing stress (S,/S, 0). The same assumption has 
been made in locating point T, in the derived Figs. 7 and 8, 





*The indicated true ductility for the 150-degree specimen probably is too great; the 
offset in the curve probably must be attributed to a slip in the reductometer. 
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INFLUENCE OF THE RADIAL STRESS RATIO AND THE STRAIN RATE 
ON MECHANICAL PROPERTIES 


From the diagrams in Figs. 5 and 6, other diagrams may be 
derived to represent the influence of the radial stress ratio (S,/S,) 
on the flow stress, ultimate stress, technical cohesion limit, and 
ductility. Derived diagrams of two types are shown in Figs. 7 and 8. 
Fig. 7 shows qualitatively the influence of the radial stress ratio on 
the yield stress, ultimate stress, and breaking stress. Fig. 8 shows 
the influence of the radial stress ratio on breaking stress and ductility. 
Attention will be given first to Fig. 7. 

The technical cohesive strength and resistance to plastic deforma- 
tion generally must be represented by surfaces in a diagram with the 
three principal stresses as co-ordinates. When two of the principal 
stresses are kept equal, however, the strength of a metal may be 
represented by a two-dimensional diagram. From the results of 
tension tests of notched specimens it is possible to develop a diagram 
to represent stress combinations with S, equal to S, (5) to (10). 
Two diagrams of this type are shown in Fig. 7. Ordinates in this 
figure represent axial stresses and abscissas represent transverse 
radial stresses in a cylinder. The values of S, and of S,/S, used in 
constructing these diagrams cannot be obtained directly from the 
results of tests of notched specimens. They are based on an empirical 
assumption as to the variation of S,/S, with the ultimate stress (5), 
(6). The diagrams are assumed to be free from the distorting in- 
fluence of stress concentration. They are qualitative representations 
of the strength of the metal in terms of uniform axial and radial 
stresses. 

Each of the radiating broken lines in Fig. 7 is the locus of points 
representing the indicated constant value of the radial stress ratio. 
Line H is the locus of points representing polarsymmetric stress 
(S,=—S,=—S,). The field below line H represents stress systems 
with S, in the radial direction and with S, in the axial direction; the 
field above line H represents stress systems with S, in the axial 
direction and S, in the radial direction. Diagrams based entirely on 
tension tests of notched specimens would be confined to the field 
above line H and to the right of the axis of ordinates. 

The two diagrams in Fig. 7A represent the strength of annealed 
oxygen-free copper N-8 and of the cold-rolled copper N at the usual 
strain rate for a tension test. The solid curves represent the strength 
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of the cold-rolled copper N ; the broken curves represent the strength 
of the annealed copper N-8. The diagram in Fig. 7B represents the 
strength of the cold-rolled copper at the strain rate for the slow 
tension tests. Curve L in each diagram represents the variation of 
the breaking stress with the radial stress. The course of this locus 
of fractures, however, is affected by the variation of ductility with 
the radial stress ratio.*° 

Curve T represents approximately the initial technical cohesive 
strength, the strength prior to the plastic deformation represented in 
Fig. 8, to be discussed later. Curve T must be between the curve of 
yield strength (Y) and the locus of fractures (L). When the duc- 
tility is great, curves Y and L are far apart and the position of curve T 
cannot be exactly determined. As shown in previous papers (5) to 
(10), however, curve T generally should be placed not far from curve 
U, as in Fig. 7A. When the ductility is slight, the curve of yield 
strength and the locus of fractures are close together, and the curve 
of initial technical cohesive strength (T) almost coincides with the 
locus of fractures (Fig. 7B). 

In diagrams of the type shown in Fig. 7, the influence of plastic 
deformation affects the curves for the indices of strength, but plastic 
deformation is not represented directly. In the diagrams now to be 
considered (Fig. 8), abscissas represent plastic deformations and 
ordinates represent breaking stresses. The co-ordinate scales are the 
same as in the basic diagrams (Fig. 6). In Fig. 8A (ordinary 
tension test), the locus of fractures (L) is identical with the locus of 
fractures in Fig. 6A. In Fig. 8B, curve L has been drawn in accord- 
ance with the experimentally determined cohesion limits represented 
in Fig. 6B. Each locus of fractures is assumed to be free from the 
distorting influence of stress concentration and deformation gradient, 
and is assumed to be the locus of cohesion limits determined with 
radial stress ratios held constant during plastic deformation. 

As any point on a locus of fractures represents a cohesion limit 
corresponding to a specific value of S,/S,, it may be made the inter- 
section of a curve of flow stress and a curve of cohesion limits corre- 
sponding to that value of S,/S,. A series of such curves is shown in 
Fig. 8A. The left ends of the curves of cohesion limits are in proper 
correlation with points on curve T in the diagram for cold-rolled 
copper in Fig. 7A. The ductility of the metal for a specific stress 


In the field of negative values of Ss, the course of curve L for a ductile metal is not 
well established, because the ductility increases rapidly with decrease in the volume 


stress (Si + Sg + Ss). This open of the curve for some ductile metals possibly turns 
upward as it extends to the left 
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system depends on the difference between the initial flow stress and 
the initial technical cohesion limit for that system. The ductility thus 
depends on the vertical distance between the curve of cohesion and 
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the curve of flow stress at the origin. When the strain rate is very 
slow, a curve of flow stress for severely cold-rolled copper is only 
slightly below the curve of cohesion limits, and the ductility is slight. 
In Fig. 8B curves of flow stress would almost coincide with the curves 
of cohesion limits. 

To the right of the locus of fractures (L), the course of a curve 
of cohesion limits (Fig. 8) indicates qualitatively the variation of the 
cohesion limit, for that stress system, with prior plastic deformation 
under a stress system that permits greater ductility (5), (6). 

As indicated by comparison of diagrams A and B of Fig. 8, an 
increase in the strain rate causes an increase of the technical cohesion 
limit for any stress system, and also causes an increase of the ductility 
for any stress system except polarsymmetric tension (S, = S, = S,). 
Under polarsymmetric tension there is no true ductility. The dis- 
ruptive stress, however, probably increases with increase in the rate 
of elastic strain, at least up to a limiting rate. This conclusion is 
supported by evidence presented in previous papers that the effect of a 
decrease in temperature on the cohesive strength is qualitatively 
similar to the effect of an increase in the strain rate (12), and that the 
disruptive stress increases with decrease in temperature (6) to (10). 

The course of curves T in diagrams of the type shown in Fig. 7 
suggests that resistance to fracture, like resistance to flow, is deter- 
mined by a critical value of the shearing stress, which decreases with 
increase in the volume stress (S, + S,+8,/3). This subject is 
diseussed in a previous paper (11). When S, equals S,, resistance 
to fracture and resistance to flow are similar functions of the radial 
stress ratio. If the critical shearing stress for fracture is the octa- 
hedral shearing stress, the technical cohesion limit and the flow stress 
vary similarly with the stress system (11). 


THE QUALITATIVE EQUIVALENCE OF INCREASE IN TEMPERATURE 
AND DECREASE IN THE STRAIN RATE IN THEIR EFFECTS 
ON MECHANICAL PROPERTIES 


Both the flow stress and the technical cohesive strength are 
decreased by either a decrease in the strain rate or an increase in 
temperature (12). This relationship is illustrated by Fig. 9, which is 
derived from data presented in previous papers (6), (12). This 
figure shows the influence of temperature on the technical cohesive 
strength of cold-rolled copper. The temperature scale is the same 
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that has been used in previous papers (6) to (10). As temperatures 
in degrees K are plotted on a logarithmic scale, abscissas are pro- 
portional to the logarithm of the degrees K, and the scale is the same 
in principle as Kelvin’s original thermodynamic scale. This scale has 
been used because it gives a linear relationship between temperature 
and the strength indices for various metals, except when structural 
changes occur in part of the temperature range (6). With either 
annealed or cold-worked copper, the yield stress, ultimate stress, and 
breaking stress vary linearly with temperature (on this scale), at 
least between —188 C and +100 C; the linear variation is obtained 
with either notched or unnotched specimens. Moreover, the duc- 
tility of this metal and of many other face-centered cubic metals, in 
ordinary tension tests, varies little throughout this temperature 
range (6), (10). 

Curve U in Fig. 9 shows the influence of temperature on the 
ultimate stress of the cold-roHed copper. With the use of data 
obtained by Price with moderately cold-worked copper (13), curve U 
has been extended to the melting point. Curve T, above curve U 
represents the variation of the severing stress (cohesion limit for 
unidirectional tension) when the strain rate is about 100% per hour, 
a rate somewhat less than that in an ordinary tension test. For 
previously cold-worked metal, curve T, should be a little above curve 
U; for annealed, very ductile metal, curve T, probably would be a 
little below curve U. The T, curves below curve U in Fig. 9 repre- 
sent cohesion limits for strain rates of 0.0002, 0.01, and 0.1% per 
hour (12). Fig. 9 also contains a series of curves (T, to T,) corre- 
sponding to various radial stress ratios (S,/S,) between zero and 
1.0, for a strain rate of 100% per hour. These curves are approx- 
imate representations derived by an empirical method from results of 
tension tests of notched specimens (5), (6). As previously shown, 
the disruptive stress (S,—S,—S,) is about twice the severing 
stress (Fig. 7A). At room temperature (about 300 K) the positions 
of the curves are in accordance with the intersections of curve T in 
Fig. 7A with the radiating lines representing various radial stress 
ratios between zero and 1.0. 

For a strain rate of about 100% per hour, therefore, the technical 
cohesive strength at room temperature is represented by the corre- 
sponding ordinates of the series of curves T, to T,. For a strain 
rate of about 0.002% per hour, however, the technical cohesive 
strength at room temperature is equivalent to the technical cohesive 
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strength for a strain rate of 100% per hour, but at a higher tempera- 
ture. As illustrated by line E, which is derived by comparison of 
Fig. 9 with Fig. 7B, this higher temperature is about 440 K (about 
300 F). <A decrease in the strain rate from 100 to 0.002% per hour 
is equivalent in effect to an increase of the temperature from 300 
to 440 K. 

Decrease in temperature or increase in the strain rate causes an 
increase in both the cohesive strength and the ductility (Figs. 6 and 
9). The increase in the ductility, however, is at a decreasing rate. 
The ductility of many face-centered cubic metals, in ordinary tension 
tests of notched and unnotched specimens, changes little between 
room temperature and —188C (6), (10). Even at the temperature 
of liquid hydrogen (—252.7 C) unnotched specimens of these metals, 
including completely austenitic steels, show practically no decrease in 
ductility (discussion of reference 9).** Moreover, impact tests of 
these metals at room temperature and at —188C reveal practically 
no difference in absorbed energy. Curves of ultimate stress and 
breaking stress, however, rise nearly linearly with decrease in tem- 
perature throughout this range, as do the curves in Fig. 9. Moreover, 
this linear relationship is obtained whether the tension test specimens 
are notched or unnotched. The evidence thus indicates that relief of 
stress concentration by plastic deformation of notched specimens 
of these metals is not decreased appreciably either by decrease of 
temperature or by enormous increase in the strain rate. 

The effects of temperature and the strain rate on ferritic steels 
are very complicated. The ductility of these steels and their ability 
to relieve stress concentration generally decrease with decrease in 
temperature. Curves of ultimate stress and breaking stress of notched 
or unnotched specimens rise with decrease in temperature throughout 
a certain range. However, with decrease below a certain temperature, 
which depends on the composition, heat treatment, notch character- 
istics and strain rate, the breaking stress of notched specimens 
decreases abruptly, owing to an abrupt decrease in ductility and in 
ability to relieve stress concentration (Figs. 12 and 13 of reference 
9). At room temperature the ductility of unnotched low carbon steel 
specimens tends to increase at a decreasing rate with increase in the 
strain rate. It seems probable that, throughout a range of slow strain 
rates, and within a certain temperature range, the ductility of notched 


110n the logarithmic scale a decrease in temperature from —188 C to —252.7 C is about 
equivalent to a decrease from room temperature to —188 C. 
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specimens of pearlitic steels increases with increase in the strain rate. 
Within these ranges of strain rate and temperature, the pearlitic steels 
would thus behave like the face-centered cubic metals. Above this 
range of strain rates and below this range of temperature, however, 
the ductility of the pearlitic steels decreases with increase in the strain 
rate or with decrease in temperature. 

Acknowledgment is due to W. D. Jenkins for assistance in this 
investigation, and to Miss Frances J. Cromwell for assistance in 
preparing the illustrations. 
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COPPER-MANGANESE ALLOYS 


The Properties of Cold-Worked and Annealed Alloys Containing 
2 to 20% Manganese 


By R. S. Dean, J. R. Lone, T. R. GRAHAM anp D. P. SuGDEN 


Abstract 


The physical properties of copper-manganese alloys 
containing 2 to 20% manganese, as influenced by cold 
working and subsequent annealing of 60% cold-worked 
material, have been determined. In the annealed or zero 
% cold-worked state there is an increase in tensile 
strength, yield strength, and hardness with the elongation 
remaining substantially the same for all alloys of 2 and 
20% manganese. The properties of cold-worked alloys 
show all compositions double the tensile strength of the 
annealed condition by 80% cold reduction. The elonga- 
tion shows a rapid decrease with initial stages of cold re- 
duction of 4 to 5% elongation after 40% cold working and 
remains at this value with additional reductions up to 80%. 
The variation in properties of 60% cold-reduced stock 
with annealing temperature follows the normal trends ex- 
pected with single-phase alloys, that is, as regards stress 
relief, recrystallization, and grain growth. The addition 
of manganese raises the recrystallization temperature from 
500 to 600 F for copper to 700 to 800 F for the 2% man- 
ganese alloy. Higher proportions of manganese up to 


20% do not further increase the recrystallization temper- 
atures. 


ECENT work on alloys of copper and manganese has been cen- 
tered largely on the determination of the constitution diagram 

and on some of the properties of alloys with high manganese content. 
The Bureau of Mines laboratories have reported the results of X-ray 
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and metallographic studies of the system (1), (2).1. They verified 
the formation of a continuous series of solid solutions at elevated 
temperatures and determined the decrease of solubility of manganese 
in copper with decreasing temperatures. The hardening produced by 
precipitation of manganese under extended treatments at tempera- 
tures below the solubility limit (3), the resistivity (4), thermal co- 
efficient of resistivity, and vibration damping capacity’ (5) have also 
been reported. These studies, however, involved alloys usually rang- 
ing from 40 to 90% manganese, but little information, especially 
relative to mechanical properties, is available on alloys containing less 
manganese. Hesse and Myskowski (6) have presented the most 
complete data on mechanical properties but were primarily con- 
cerned with alloys containing 40% or more manganese. These alloys 
are quite sluggish with respect to precipitation of manganese; while 
they are hardened and strengthened by extended treatments at tem- 
peratures below 600 F, the nature of the precipitate causes consider- 
able loss in ductility. The few results given for low-manganese alloys 
indicate that manganese increases the tensile strength considerably 
without excessive loss of ductility. According to the constitution 
diagram, alloys containing up to 20% manganese are single phase, 
and the increase in strength in this composition range is due to the 
solution of manganese in the copper lattice. The ductility that these 
workers note is much higher than that indicated by earlier reports 
in the literature dealing with alloys prepared with impure manganese, 
but it agrees closely with the results these laboratories have reported 
on other high-copper alloys prepared with electrolytic manganese 
(7, 8, 9, 10). It was therefore desirable to examine these solid- 
solution alloys in more detail and to determine their mechanical prop- 
erties in the annealed and cold-worked states. This paper presents 
the data obtained on alloys containing up to 20% manganese in the 
form of cold-rolled and cold-rolled, annealed sheet. 


PREPARATION OF ALLOYS 


The alloys were prepared in 35-pound heats by melting grade A 
wire-bar copper in a basic-lined, high-frequency induction furnace, 
adding the required amounts of electrolytic manganese, and deoxi- 
dizing with small amounts of aluminum. They were cast into slab 
molds and processed into sheet by hot rolling at 1400 F (760 C), to 
50% reduction in thickness, conditioning the surfaces, and then cold 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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rolling with intermediate annealing at 1200 F (650 C) to the 7g-inch 
finished sheet. The cold rolling schedule was arranged to finish the 
major portion of each alloy at 60% reduction by cold rolling; of the 
remaining material, portions were finished at 20, 40, and 80% reduc- 
tion. This permitted testing the alloy in the cold-worked state with 
various degrees of working. The zero cold-worked state was ob- 
tained by annealing (1 hour at 1200 F) material finished at 60% 
reduction. Other portions of the sheet reduced 60% were annealed 


at temperatures ranging from 300 to 1500 F (150 to 815C) to 


Table I 








Chemical Composition of Alloys Studied 

Per Cent————————————_ 

Alloy No. Manganese Copper Iron Aluminum Silicon 
B-42 2.00 98.00 0.0073 0.01 < 0.005 
B-43 4.70 95.20 0.010 0.02 < 0.005 
B-44 7.00 93.00 0.011 0.016 < 0.005 
B-45 8.70 91.20 0.0083 0.026 < 0.005 
B-46 10.00 90.00 0.0094 0.037 < 0.005 
B-47 11.40 88.50 0.0095 0.042 < 0.005 
B-48 14.20 85.70 0.0073 0.047 < 0.005 
B-49 16.0 84.0 0.010 0.037 < 0.005 
B-50 17.9 82.0 0.013 0.035 < 0.005 


B-51 20.0 80.0 0.013 0.039 < 0.005 


follow the change in properties with annealing temperature. Sheets 
annealed at temperatures of 300 to 1000F (150 to 540C) were 
heated in air; those treated above 1000 F (540 C) were heated in an 
atmosphere of helium to minimize oxidation. 

All tests were made on a '%-inch sheet tensile specimen with a 
parallel section 4 inches long and extensions determined on a 2-inch 
gage length. Property values given in the tables are averages of re- 
sults on five tensile specimens tested for each condition. 

The chemical compositions of the alloys given in Table I show 
low residual aluminum, low iron, and negligible silicon. The iron 
contents are well below the amount that produces significant effects 
in copper-manganese-zinc alloys (11), and since the copper-manga- 
nese alloys are also single phase it is believed that aluminum contents 
less than 0.05 likewise would have no significant effects. 


ANNEALED PROPERTIES 


The tensile properties of the alloys, after being reduced 60% 
in thickness and annealed for 1 hour at 1200 F, are given in Table I] 
in the zero cold-worked state. The tensile strength, yield strength, 
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elongation, and hardness are also graphically presented in Fig. 1 as a 
function of manganese content. Since the properties of pure copper 
are well established, this material was not tested along with the al- 
loys, and accordingly the respective property curves have been extra- 
polated to zero manganese content so as to correspond to the proper- 
ties given by Wilkins and Bunn (12) for similarly processed, high- 
conductivity, oxygen-free copper sheet 0.040 inch thick. 

The tensile strength, yield strength, and hardness curves empha- 
size the increase in strength and hardness produced by the first 6 or 


7% manganese as compared with that produced by succeeding man- 
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Fig. 1—The Physical Properties of Copper-Manganese Alloys An- 
nealed for 1 Hour at 1200 F (650C). 


ganese increments, that is, the tensile strength increases from 32,000 
to 44,000 psi with 6% manganese, or approximately 2000 psi for 
each per cent manganese. Further increase in manganese content 
raises the tensile strength at the approximate rate of 800 psi for 
each per cent manganese until it reaches 55,000 psi at 20% manga- 
nese. The yield strength shows a similar trend, rising from 7000 
to 13,000, or at the rate of 1000 psi for each per cent manganese up 
to 6 and thereafter at a rate of about 300 psi for each per cent man- 
ganese, reaching 17,500 psi at 20% manganese. Similarly, the hard- 
ness rises most rapidly from Rp 35 to Rp 61 with the first 6% man- 
ganese and then more slowly to Rp 72 at 20% manganese. 
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Table Il 
Variation in Physical Properties with Cold Rolling 
Percent- Yield Proportional Elonga- 
age Cold Ultimate Strength Pimit tion Hardness 
of Mn Reduction Strength psi psi % 7-Rockwell—, 
in Alloy % psi 0.2 Offset 0.01 Offset in2 In. F B 
0 36,600 8,000 5,200 49.4 45 
20 46,600 45,400 32,800 12.8 91 _ 
2.0 40 56,600 55,000 40,200 5.5 97.5 68 
a 63,200 61,400 42,100 4.6 BS 74 
80 69,100 68,000 50,600 4.7 As 79 
0 41,400 11,800 7,500 49.3 57 fa 
20 51,600 49,600 37,300 13.6 96 64 
4.7 40 64,200 62,600 44,700 5.8 - 76 
60 71,600 70,100 50,100 5.0 83 
80 80,000 77,600 55,600 4.5 iy 8&8 
0 44,700 14,300 7,700 48.0 64 a 
20 56,900 54,600 41,400 12.0 98 71 
7.0 40 68,800 66,100 48,400 5.8 os 81 
60 76,700 75,100 52,300 4.8 86.5 
80 88,000 85,500 58,100 4.6 ‘mn 92 
0 46,100 14,300 8,400 46.6 66 ain 
20 59,160 56,600 43,200 11.3 99 73 
8.7 40 71,300 68,000 47,200 5.8 . 83 
oO 80,000 78,100 53,000 4.3 ba 90 
80 91,500 89,100 2,300 4.2 um 94 
0 48,000 15,200 9,000 44.4 67.5 ss 
20 59,300 55,300 42,000 13.3 ve 74 
10.0 4) 74,500 74,100 55,000 §.2 ie 84.5 
60 82,700 80,100 58,400 4.2 _ 91 
80 92,900 89,500 62,100 4.4 re 95 
0 49,600 15,900 9,700 44.3 69 re 
20 62,400 52,200 42,800 13.2 + 76 
g 11.4 40 77,800 76,000 56,000 4.6 Y 87 
4 60 87,100 84,400 59,500 4.1 oa 92 
4 80 96,900 94,900 67,600 4.2 = 96 
4 0 51,200 16,300 10,400 46.5 70 a 
# 20 64,500 58,300 42,000 15.1 _ 78 
14.2 40 80,200 78,200 55,200 4.9 aa 88 
60 91,400 87,100 64,300 4.2 os 94 
80 100,100 98,200 68,000 4.0 ba 97 
0 52,800 16,000 10,200 45.3 71 ia 
20 66,600 57,800 43,700 16.3 ae 79 
16.0 40 84,700 80,000 57,000 4.9 89 
60 92,800 89,200 67,200 4.0 95 
80 103,100 99,900 75,200 3.9 * 98 
0 53,000 16,100 9,400 48.5 71 ~ 
20 67,300 56,600 42,100 19.7 _ 79 
17.9 40 86,200 83,500 61,500 4.5 ‘a 90 
& 95,200 90,000 68,100 4.3 “ 96 
80 108,900 100,000 72,400 4.0 ‘“ 99 
0 54,900 17,100 9,400 49.2 72 es 
20 69,700 58,100 42,300 18.8 : 81 
20.0 40 87,000 82,800 58,100 4.8 91.5 
oO 96,800 92,300 69,800 4.0 97 
80 105,700 102,900 72,800 3.9 99 


The elongation, however, shows relatively little change with in- 
creasing manganese content. The 2 and 4% manganese alloys have 
an elongation 4 to 5% above that indicated for oxygen-free copper 
annealed at the same temperature, as do the 18 and 20% alloys; al- 
though a perceptible minimum occurs in the curve at about 10% man- 
ganese, this minimum elongation is still equal to that of the copper. 
While these small variations are not significant in themselves, the 
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Fig. 2—The Tensile Strength of Cold-Rolled Copper-Manganese 
Alloys zs a Function of the Manganese Content. 


fact that the elongation is not decreased by increasing manganese at 
least up to 20% is significant. 

No particular data were obtained regarding the effect of grain 
size on the properties of these alloys, but metallographic examination 
of material annealed for 1 hour at 1200 F indicates that manganese 
has little effect on the grain size. The grain size of alloys contain- 
ing 2 to 7% manganese was 0.045 mm, and that of alloys containing 
7 to 20%, was 0.065 mm. This variation is quite small and doubt- 
less has little effect on the properties as shown in Fig. 1. 


CoLp-WoRKED PROPERTIES 


The properties of material cold-rolled to 20, 40, 60, and 80% 
reduction in thickness are also given in Table 41. It should be 
pointed out that these specimens were given three to five cold reduc- 
tions of about 50% each with intermediate annealing for 1 hour at 
1200 F before final rolling to the desired reduction and sheet thick- 
ness of ;4; inch. They are therefore thoroughly representative of 
material annealed at 1200 F (650C) and cold-reduced to the extent 
indicated. 

For greater clarity of presentation the tensile strength and yield 
strength are plotted against manganese content in separate graphs 
(Figs. 2 and 3), and the hardness and elongation are plotted in. 
Fig. 4. 

The properties of this series of alloys show normal changes with 
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Fig. 4—The Hardness and Elongation of Cold-Rolled Copper- 
Manganese Alloys as a Function of the Manganese Content. 


increasing cold work. The tensile strength of each of the alloys is 
increased by approximately 10,000 psi for each 20% reduction, 
roughly doubling the tensile strength of annealed (1200 F) material 
by 80% cold work. The curves for each reduction are approximately 
parallel and reflect the same general trend as the annealed data with 
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respect to the greater effect of each manganese increment for the first 
6% as compared to subsequent increments. 

The yield strengths -of each of the alloys approach to within 
2000 to 5000 pounds of the tensile strength for the same amount of 
cold work, owing to the relatively large increase (35,000 to 40,000 
psi) with 20% cold work, which is emphasized by the method of 
plotting but nevertheless quite normal. The yield strength of alloys 
containing more than 8% manganese, however, is unusual at 20% 
reduction in that it remains constant at about 58,000 psi, regardless 
of increasing manganese. The elongation of these alloys at this 
reduction is likewise unusual in that it increases with increasing man- 
ganese, rising from about 11 to about 20%. The rising trend of the 
elongation here is in accord with the “as-annealed” values, but no 
explanation of either anomaly can be offered on the basis of available 
data. 

The elongations of alloys cold-rolled to 40 and 80% reduction 
are not sensitive to increasing manganese content. This fact is con- 
sistent with the data for the annealed state, and the 4% elongation 
retained after 80% reduction indicates further deformation to be 
possible without overwork. 

Presentation of the hardness values is complicated by the neces- 
sity of changing from the Rockwell F scale used for annealed mate- 
rial to the B scale for cold-worked material. The relationship be- 
tween these scales (90 Rr is equivalent to 60B) is not quite accu- 
rate within one or two points of the correct value. Hardness behaves 
‘ like the yield strength, increasing greatly for the first 20% reduction 
and then more slowly with additional working. The total increase 
is greatest for the 2% manganese alloy; the hardness rises from Rr 
45 as annealed to Rg 79 after 80% cold reduction, whereas the hard- 
ness of the 20% alloy rises from Ry 72 as annealed to Rg 99 with 
the maximum cold work given. 


EFFrect oF ANNEALING TEMPERATURE 


Properties obtained by annealing the 60% cold-worked alloys 
for 1 hour at temperatures ranging from 300 to 1500 F (150 to 815 
C) are given in Table III. The tensile strength, yield strength, and 
hardness at the various annealing temperatures are plotted against 
composition in Figs. 5,6, and 7. The curves for some temperatures 
are omitted from the graphs to aveid the confusion that the close 
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approach of the data to the next higher or lower temperatures would 
produce. The maximum and minimum elongations for the alloys 
as a group are plotted as a function of annealing temperature in Fig. 
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Table Ill 
Var‘ation of Properties of the Cold-Worked Alloys with Annealing Temperature 
Percent- Annealing Yield Proportional 
age Tempera- Ultimate Strength Limit Elonga- Hardness 
_of Mn ture Strength psi psi tion Rockwell 
in Alloy F psi 0.2 Offset 0.01 Offset % F B 
2.0 As-rolled 63,200 61,400 42,100 4.6 i 74 
300 62,000 61,100 45,700 5.0 ds 75 
400 61,200 60,300 45,600 5.8 4 74 
500 60,100 59,100 43,800 6.5 5 73 
600 59,000 57,000 43.900 6.8 os 72 
700 55,800 53,100 40,500 18t:0 96 67.5 
800 39,800 13,700 8,000 46.9 61 oll 
900 39,300 12 7,000 46.8 56 
1000 38,000 9,800 5,300 48.9 50 
1100 36,800 8,200 5,500 50.2 46 
1200 36,600 8,000 5,200 49.4 45 
1300 36,800 7,000 5,000 50.0 44 
1400 35,300 7,200 4,100 48.8 41 
1500 35,300 6,900 4,100 48.2. 39 aa 
4.7 As-rolled 71,600 70,100 50,100 5.0 83 
300 71,700 69,800 47,600 5.0 82 
400 70,400 69,100 51,900 5.6 82 
500 68,200 66,400 50,500 7.1 81 
600 67,000 64,600 50 600 8.3 RO 
700 63,500 58,500 47,600 11.2 = 77 
800 47,900 23,200 14,700 38.7 80 t# 
900 45,200 17,000 11,800 46.2 69 a 
1000 43,500 14,000 9,400 46.9 62 ot 
1100 42,000 12,100 8,000 48.1 59 ‘- 
1200 41,400 11,800 7,500 49.3 57 ed 
1300 41,000 11,100 6,300 49.0 56 i<e 
: 1400 40,000 10,500 6,600 46.6 i. 
1500 40,300 10,900 7,200 46.3 53 a 
7.0 As-rolled 76,700 75,100 52,300 4.8 86.5 
300 77,800 76,300 56,700 4.6 87 
400 75,800 74,000 57,700 5.4 86 
500 73,100 71,400 56,800 7.1 85.5 
600 72,000 70,200 54,600 7.9 84 
700 67,700 62,200 48,400 12.1 i 81 
800 51,200 26,300 17,300 36.8 83 46 
900 48,700 20,200 15,100 45.1 74 aa 
1000 46,100 16,500 11,700 45.3 67 “ 
1100 45,300 14,900 9,500 47.0 66 we 
1200 44,700 14,300 7,700 48.0 64 a 
1300 44,300 13,600 7,600 46.2 63 be 
1400 43,300 13,100 7,300 45.1 62 ; 
1500 43,900 13,100 8,100 46.3 & > 
8.7 As-rolled 80,000 78,100 53,000 4.3 a 90 
300 81,600 79,500 57,700 4.3 89 
400 79,900 77,400 58,400 4.8 i) 
500 77,600 74,300 57,700 5.8 R8 
600 75,€00 72,900 55,200 7.3 87 
700 69,900 64,100 51,200 11.5 83 
800 53,600 28,700 20 000 38.8 &¢ 52 
900 50,500 21,700 16,400 43.5 77 
1000 48,400 17,500 12,400 44.8 71 
1100 46,900 15,600 10,800 45.6 68 
1200 46,100 14,300 8,400 46.6 66 
1300 45,900 14,100 7,700 46.6 64 
1400 44,600 14,000 8,500 44.6 64 
1500 45,200 13,800 8,700 47.3 63 a 
10.0 As-rolled 82,700 80,100 58,400 4.2 91 
300 84,500 82,500 63,300 3.9 91 
400 83,000 81,100 61,900 4.5 90.5 
500 80,200 78,200 62,200 5.7 89 
600 77,700 75,100 56,800 7.3 88 
700 71,500 65,800 52,900 11.7 i. 84 
800 55,300 30,200 21,700 35.6 88 54 
900 52,400 23,000 17,600 42.4 79 
1000 50,000 18,100 12,800 46.2 73 
1100 48,300 16,400 10,200 45.5 69 
1200 48,000 15,200 9,000 44.4 675 
1300 46,400 14,700 8,200 44.4 66 
1400 45,900 14,600 8,600 45.1 66 
1500 46,000 14,300 8,700 44.9 64 
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Table I111—(Continued) 
Variation of Properties of the Cold-Worked Alloys with Annealing Temperature 








Percent- Annealing Yield Proportional 
age Tempera- Ultimate Strength Limit Elonga- Hardness 
of Mn ture Strength psi psi tion Rockwell 
in Alloy F psi 0.2 Offset 0.01 Offset %o F B 
11.4 As-rolled 87,100 84,400 59,500 4.1 92 
300 89,500 87,100 62,900 3.8 93 
400 88,000 84,600 66,400 3.9 93 
500 85,100 83,100 62,200 5.0 92 
0 81,600 79,200 59,800 6.3 90.5 
700 75,400 69,400 53,700 11.0 Ne 87 
800 57,900 32,000 24,000 34.6 90 57.5 
900 54,900 24,400 19,900 42.6 82 43 
1000 52,200 19,800 13,800 43.4 76 - 
1100 50,300 17,500 11,000 45.3 72 “ 
1200 49,600 15,900 9,700 44.3 69 _ 
1300 48,400 15,400 8,200 45.2 67 se 
1400 46,800 14,500 8,600 43.7 65 ~ 
1500 45,500 13,700 8,000 42.3 2 es 
14.2 As-rolled 91,400 87,100 64,300 4.2 94 
300 94,100 91,300 69,200 3.9 95 
400 93,600 89,700 71,500 3.8 95 
500 88,700 85,700 65,700 4.7 94 
600 84,900 81,900 61,900 5.9 92 
700 76,600 70,800 54,500 11.1 88.5 
800 6,500 33,800 26,900 38.6 91.5 6 
900 58,000 27,200 22,000 41.2 85 50 
1000 54,400 20,900 15,500 42.7 77 oe 
1100 52,900 17,800 10,200 46.2 73 
1200 51,200 16,300 10,400 46.5 70 
1300 50,200 15,800 9,100 46.1 68 
1400 49,000 15,600 9,800 47.2 67 
1500 47 ,400 14,500 8,300 45.3 65 me 
16.0 As-rolled 92,800 89,200 67,200 4.0 ats 95 
300 96,800 96,000 74,400 3.8 ‘ 95 
400 95,500 92,900 71,700 3.9 95.5 
500 91,200 87,500 68,600 4.6 94.5 
600 87,300 84,700 64,100 6.0 93.5 
700 79,000 72,900 56,700 11.0 89.5 
800 64,000 34,900 28,000 34.0 93 63 
900 60,400 28,300 23,000 39.2 86 53 
1000 56,800 21,500 15,300 41.9 79 ot 
1100 54,700 18,500 11,500 44.5 74 es 
1200 52,800 16,000 10,200 45.3 71 os 
1300 50,900 15,200 8,200 48.5 67 - 
1400 49,600 15,300 8,400 47.0 67 oe 
1500 48,600 15,100 8,200 46.4 64 oe 
17.9 As-rolled 95,200 90,000 68,100 4.3 ad 96 
300 99,000 97,100 73,900 3.9 es 96 
400 98,400 95,700 72,500 3.8 * 97 
500 94,400 89,400 70,500 4.5 a 96 
600 89,300 86,900 67,300 5.9 on 94 
700 80,200 73,900 59,100 11.4 = 90 
800 64,200 35,200 29,000 37.0 93 63.5 
900 62,400 29,400 23,600 40.0 88 55 
1000 57,800 22,100 15,900 43.5 79 “< 
1100 55,500 19,200 13,700 46.4 75 oa 
1200 53,000 1€,100 9,400 48.5 71 — 
1300 52,100 15,800 8,900 49.7 68 ts 
1400 50,100 15,700 9,100 49.8 69 a 
1500 47,800 14,600 7,500 48.7 64 a 
20.0 As-rolled 96,800 92,300 69,800 4.0 - 97 
300 102,700 100,100 77,200 3.8 6 97 
400 99,800 97,200 75,100 3.9 98 
500 96,400 94,C00 73,100 4.2 ‘ 97 
OO 92,200 89,500 69,200 6.1 i 95 
700 82,800 76,800 59,000 10.9 ‘ 92 
800 66,700 37,000 31,100 36.3 94.5 66 
900 64,100 30,200 23,700 40.0 89 57 
1000 60,000 22,500 16,000 43.4 81 ne 
1100 56,900 19,300 12,500 47.3 76 
1200 54,900 17,100 9,400 49.2 72 
1300 53,200 16,300 9,200 51.6 69 
1400 49,900 15,600 9,500 51.1 69 
1500 48,600 15,500 8,100 50.3 64 
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Fig. 7—The Effect of Annealing Temperature on the Hardness 
of 60% Cold-Worked Copper-Manganese Alloys. 
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8, since the relatively small variations from one composition to an- 
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properties. 
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properties for the higher-manganese alloys by cold working and an- 
nealing. It will also be noted that the tensile and yield strengths 
show a slight aging effect for all compositions greater than 6% man- 
ganese and is best illustrated by the yield-strength curves of Fig. 6. 
The increase in strength values over those for the cold-worked con- 
dition occurs on treatment of cold-worked material in the 300 to 
400 F temperature range and is not apparent in the lower-manganese 
alloys. In general, the greater the manganese content above 6% (up 
to the limit studied) the greater the increase in strength. This gives 
rise to the speculation that factors incident with the precipitation of 
alpha manganese are responsible for this effect; that is, the solubility 
of manganese in copper may continue to decrease below 20% man- 
ganese with decreasing temperature. Extrapolation of the solubility 
curve of the manganese in copper from the equilibrium diagram to 
these low temperatures suggests that precipitation could occur. Me- 
tallographic studies in this region, however, are difficult, owing to 
existing cold-worked structures, and X-ray data, at the moment, 
have not confirmed this speculation. 

As the annealing temperature is increased, the strength and 
hardness decrease, the major change corresponding to recrystalliza- 
tion taking place between 700 and 800 F. The elongation rises most 
rapidly in this same temperature range. Apparently, the first 2% 
manganese increases the recrystallization range of copper to these 
temperatures, but further additions of manganese have little effect 
on it. Higher annealing temperatures cause a further decrease in 
hardness and strength and some change in elongation because of 
grain growth. That is, these alloys behave in the normal way, show- 
ing the usual strain relief, recrystallization, and softening with grain 
growth. 

The data also show that an annealing temperature of 800F 
produces the highest strength and hardness consistent with good 
elongation in all of the alloys. 


SUMMARY 


The tensile strength of copper-manganese alloys annealed for 
1 hour at 1200 F (650C) increases from 36,000 psi for the 2% 
manganese alloy to 54,900 psi for the 20% alloy. For the first 6% 
manganese the strength increases at a rate of 2000 psi for each 
per cent manganese. Above 6% the increase is approximately 800 
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psi for each per cent manganese. The yield strength and hardness 
behave in a similar manner. Elongation shows little variation with 
increasing manganese, ranging from 45 to 49% for all compositions. 
It is significant that increasing manganese content strengthens copper 
without loss of ductility. 

The alloys may be hot and cold-rolled readily and can stand 
more than 80% reduction by cold rolling. Tensile strength increases 
about 10,000 psi for each 20% reduction by cold rolling and is 
roughly doubled by 80% reduction. The changes in yield strength, 
hardness, and elongation are greatest for the first 20% reduction 
and continue at a decreasing rate for additional reductions. 

Some aging takes place upon heating cold-worked alloys contain- 
ing more than 6% manganese in the temperature. range of 300 to 
400 F. The increase in strength is not large but it rises with in- 
creasing manganese and amounts to 6000 pounds in the tensile 
strength and 7800 pounds in the yield strength at 20% manganese. 
The hardness and elongation do not change significantly with aging. 
Recrystallization takes place on annealing at 700 to 800F and is 
unaffected by composition. Maximum strength of fully recrystal- 
lized material is obtained by annealing for 1 hour at 800 F (425C). 
Higher annealing temperatures lower the strength and hardness by 
permitting grain growth but do not increase elongation appreciably. 
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DISCUSSION 


Written Discussion: By Floyd C. Kelley, Research Laboratory, General 
Electric Co., Schenectady, N. Y. 

Dr. Dean and his associates are to be congratulated on another of many 
papers dealing with elements which demand considerable care’ in processing. 

Manganese is a very active element toward oxygen and when melted un- 
der ordinary conditions grabs quantities of oxygen from the atmosphere. Man- 
ganese-copper alloys melted in air, drawn into wire and used for brazing in a 
pure dry hydrogen atmosphere, with a dew point of —105 F or lower, have an 
oxidized shell which is not reduced at 2100 F (1150C) during the brazing 
cycle. This oxidized shell is a bright green and holds the molten alloy within 
so that it cannot break through and wet the metal to be brazed. 

Manganese-copper alloys melted under pure dry argon or argon containing 
2% nitrogen give a wire which when used for brazing in pure dry hydrogen 
shows no oxidized shell, wets the metal to be brazed nicely and runs about 
like copper. The 20% nickel-manganese alloy, used for brazing stainless steels 
in pure dry hydrogen, when melted in air gives the same oxidized shell de- 
scribed above, but when melted under argon + 12% nitrogen and used for 
brazing in pure dry hydrogen wets the steel nicely and results in bright shiny 
joints with nice fillets. 

I should like to ask the authors why they did not use argon or helium 
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as an atmosphere for melting their alloys and avoid the use of aluminum as a 
deoxidizing agent. It may be that aluminum has little effect on this alloy 
system as the authors state, and its use may be the most practical way of pro- 
ducing the alloy in quantity, but for a nice fundamental investigation of an 
alloy system the use of an inert atmosphere for melting would eliminate any 
question of the effects of aluminum or its resulting oxide. 

Written Discussion: By Paul A. Beck, associate professor, University 
of Notre Dame, Notre Dame, Ind. 

Could the authors give us some information concerning the grain growth 
behavior of these alloys? It would be interesting to know what effect, if any, 
manganese in solid solution has on the grain size vs. temperature curves after 
a certain period of anneal. Also, I am particularly interested in knowing 
whether or not grain coarsening, of the type associated with a duplex struc- 


ture (mixed large and small grains), has been observed by the authors in 
these alloys. 


Authors’ Reply 


In answer to Mr. Kelley’s discussion, our experience with the melting of 
manganese alloy wire or rods in nearly inert atmospheres coincides with that 
of Mr. Kelley. At an early date in our work on manganese alloys we an- 
nealed them in ordinary helium; on several occasions the temperature acci- 
dentally went above the melting point and the molten metal was held so tightly 
by the green scale that the only evidence of melting was in the microstructure. 
Using really pure helium, this does not happen. We wonder if Mr. Kelley 
means to blame the formation of the coating on the melting technique rather 
than the annealing. 

If the melt is properly deoxidized with aluminum, it is doubtful if a wire 
made from it would scale any more readily than a wire made from a vacuum 
melt. The important item would seem to be to avoid scaling during the anneal 
either by the use of very pure helium as atmosphere or by a rigorous pickling 
after each anneal. An ammonium sulphate solution has been found to be an 
effective pickling agent for high manganese alloys. 

We agree with Mr. Kelley on the advantages of melting in an inert at- 
mosphere and hope to check the properties of the alloys in this system when 
melted under pure helium. Our idea in using the procedure of melting in air 
and deoxidizing was that these alloys have no special properties likely to be 
greatly affected by vacuum melting and the only outlook for their commercial 
use would be in the general brass and bronze field, hence their properties when 
made by what is still the usual technique in this field appeared to have the 
most general interest. 

In answer to Professor Beck’s questions, our data, while not bearing di- 
rectly on the points raised, indicate that the grain growth behavior of these 
copper-manganese alloys is not greatly different from similar solid solution 
copper alloys. That is, the grain growth curves would be essentially normal 
curves showing a slow rate of growth at temperatures near the recrystalliza- 
tion range and rapid growth at higher temperatures. No particular tendency to 


form “duplex grain structures’ — mixed large and small sizes—has been 
encountered. 





AGE HARDENING COPPER-COBALT-MANGANESE 
ALLOYS 


By Jay W. FREDRICKSON 


Abstract 


Copper-cobalt-manganese alloys containing 2 to 4% 
cobalt and up to 15% manganese are shown to have hard- 
enable characteristics and the ability to harden from 
Rockwell F-67 to Rockwell B-81 from an annealed con- 
dition. The optimum treatment consists of aging at 900, 
1000 and 1100 F (480, 540 and 595C). Hardness may 
be controlled by regulation of aging time and temperature. 
Material aged from the cold-worked condition does not 
harden significantly above the original cold-worked hard- 
ness. Maximum hardness obtained in cold-worked con- 
dition is Rockwell B-97. 


ECENT development and expansion of electrolytic cobalt and 
manganese production have opened up fields of alloy research 
employing these metals. One field of interest concerns the influence 
of high-purity manganese on hardenable copper-cobalt alloys. Refer- 
ences in the literature on copper-base alloys containing cobalt and 
manganese are very limited. Koster and Wagner (1)? reported the 
equilibrium conditions of the copper-cobalt-manganese system up to 
40% manganese; also that no homogeneously solidifying, hardenable, 
ferromagnetic alloys are formed in this system. In the copper-cobalt 
system Tammann and Oelsen (2) determined the solubility of cobalt 
in copper by measuring the specific magnetization of a series of al- 
loys, this solubility being approximately 5% at 2025 F (1108C). M. 
G. Corson (3) studied the hardness and electrical resistance changes 
in some copper-cobalt alloys, and the range of solid solubility of 
cobalt in copper. This range is from 3.4% cobalt at 1830 F (1000 
C) to 0.35% at room temperature. He also reported that 2.5% 


___1The figures appearing in parentheses pertain to the references appended to this paper. 


This paper is based on a thesis to be submitted to the faculty of the University of Utah 
by the author in partial fulfillment of the requirements for the degree of Bachelor of Sci- 
ence in Metallurgical Engineering. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society, held in Atlantic City, November 18 to 22, 1946. The author, Jay W. 
Fredrickson, is attending the University of Utah, Salt Lake City, Utah. Man- 
uscript received June 28, 1946. 


593 





594 TRANSACTIONS OF THE A. S. M. Vol. 38 


cobalt is required to obtain a maximum hardening effect of 105 Bri- 
nell. 

C. S. Smith (4) reported the unusual hardening obtained by 
air cooling a 3.58% cobalt alloy from 1650F (900C), giving a 
maximum hardness of Rockwell B-60. Gordon and Cohen (5) de- 
termined changes in hardness, electrical resistance, magnetic sus- 
ceptibility, remanence, and microstructure of a 3.2% cobalt alloy. 
Maximum hardness of Rockwell F-81 was found to occur when the 
alloy was aged over 100 hours at 1020 F (550C). 

Dean, Long, Graham, Potter and Hayes (6) examined a series 
of copper-manganese alloys by thermal analysis, X-ray diffraction 
and metallographic methods, establishing the copper-manganese equi- 
librium diagram. Copper is shown to be soluble in gamma manga- 
nese, with a continuous solid solution field across the diagram at the 
higher temperatures. This solution breaks down at lower tempera- 
tures when the manganese content exceeds 25%. In the cobalt- 
manganese system Hiege (7) determined the temperature of the ini- 
tial solidification and the approximate temperature at the end of 
solidification of cobalt-manganese melts. The shape of the cooling 
curve found by Hiege suggests a continuous series of solid solutions. 
Hashimoto (8) later determined that a series of solid solutions of 
beta cobalt was formed from alloys with up to 51% manganese. 

In selecting the compositions for investigation, equilibrium dia- 
grams for the various alloys were studied. The maximum solubility 
of cobalt in copper was reported to be 5.0% (2). Manganese was 
reported to be soluble in copper, up to 25%, at low temperatures (6) 
and in cobalt, up to 51% (7), (8). These reports indicate that a 
maximum of 4% cobalt and 15% manganese would be completely 
soluble in copper at some elevated temperature. 

The hardening properties of copper-cobalt alloys (3), (4), (5) 
are known to be rather low, and this investigation was conducted to 
determine the changes in hardening with the addition of manganese. 
It was hoped that the addition of manganese would improve the hard- 
ening properties. With this purpose in mind a series of alloys con- 
taining 2, 3 and 4% cobalt and 0, 1, 3, 5, 10 and 15% manganese 
was investigated. 


PREPARATION OF ALLOYS 


The alloys were prepared in heats of 35 pounds each from wire 
bar grade copper, electrolytic cobalt and electrolytic manganese. The 
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Table I 
Chemical Analysis of Metals Used, in % 
Copper Cobalt Manganese 
Oe cade css ieun wee 0.008 . are er 0.2 + 0.006 MO °2 2's Cates bs8e sea 0.01 
Fe, oa t's aba bee 0.01 hs. pid w baat von 0.01 Wea vie Se batee BA ce 0.02 
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Be Sis bes web ease Nil BO a angie ann owe 0.0001 en fs ae Shaanainis ara ohh Nil 
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ee ee Se, a ake Nil sot bc he Canned 0.0016 
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high purity of the metals used is evident in Table I. The purity of 
manganese and cobalt is noteworthy. With iron content less than 
0.2% and sulphur less than 0.02%, impurities are kept to a minimum. 
The seemingly high nickel content of 1.03% in the cobalt metal is 
really inconsequential in view of the fact that a maximum of 4% 
cobalt is used. 

A high-frequency induction furnace was used for melting and 
alloying. The alloying method consisted of melting the copper down 
and gradually adding manganese after the bath was molten. The 
cobalt was added slowly after the manganese had been completely 
dissolved. When the cobalt was entirely taken up by the melt, the 
metal was deoxidized with about 0.05% pure aluminum and cast into 
3 by 134 by 18-inch flat ingots. The ingots were hot-stripped and air- 
cooled. 

Chemical analyses of the heats are given in Table II. The high 
purity of the alloys is quite evident. Iron content is no greater than 
0.014% in all cases and the silicon content is less than 0.005%. 





Table Il 
Chemical Analysis of Alloys, in % 

Alloy 

Designation Copper Cobalt Manganese Aluminum Iron Silicon 
2- 0 98.0 1.87 Tr 0.01 0.010 <0.005 
2- 1 97.3 1.88 0.73 0.01 0.011 < 0.005 
2- 3 95.5 2.00 2.50 0.03 0.012 < 0.005 
2- 5 93.5 1.97 4.70 0.03 0.011 < 0.005 
2-10 88.5 2.02 9.46 0.03 0.013 < 0.005 
2-15 83.7 1.97 14.50 0.03 0.012 < 0.005 
3- 0 97.3 2.45 Tr 0.04 0.013 < 0.005 
3- 1 96.3 2.76 0.57 0.04 0.014 < 0.005 
3- 3 94.5 2.82 2.80 0.03 0.013 < 0.005 
3- 5 92.2 2.95 4.86 0.03 0.011 <0.005 
3-10 87.2 3.20 9.50 0.03 0.012 <0.005 
3-15 82.2 3.10 14.70 0.03 0.012 < 0.005 
4- 0 96.3 3.20 Tr 0.01 0.010 < 0.005 
4- 1 95.5 3.76 0.65 0.04 0.013 < 0.005 
4. 3 92.5 4.C0 3.20 0.04 0.013 < 0.005 
4. 5 91.0 4.02 4.96 0.03 0.011 < 0.005 
4-10 86.2 3.75 9.83 0.04 0.013 < 0.005 
4-15 


81.0 4.00 14.83 0.03 0.013 < 0.005 
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Residual aluminum averages approximately 0.03%. The loss of 
cobalt and manganese during the melting and alloying was negligible 
in most cases. Since the nominal and chemical analyses are practi- 
cally the same the alloys are referred to by their nominal analysis. 

A portion of the ingots was cut off and heated 1% hours at 
1500 F (815C), forged to break up the as-cast condition, and re- 
turned to the furnace in preparation for hot rolling. The remainder 
was left in an as-cast condition to be used for further investigation. 
All heats were heated to 1600 F (870 C), hot-rolled into 0.316-inch 
plate, annealed by heating to 1600 F (870C), quenched, cold-rolled 
to 0.156-inch thickness, annealed again, and cold-rolled further to 
0.0625 inch (60% reduction in thickness). Typical solution-treated 
and cold-worked structures are illustrated in Figs. 1 and 2. 


PRELIMINARY HEAT TREATMENT 


To obtain the temperature giving minimum hardness, which 
was taken as the criterion of complete solution, a series of cold- 
worked samples of each alloy was solution-treated for % hour 
at temperatures varying from 1200 to 1800 F (650 to 980C). Hard- 
ness values determined on these specimens indicated that complete 
solution was obtained in most cases at 1600 F (870C). However, 
the alloys containing 3 and 4% cobalt with 1% manganese, and 3% 
cobalt with 3% manganese, required a temperature of 1700 F (925 
C) for complete solution. As illustrated in Figs. 3a and 3b, the alloy 


Table Ill 


Solution Temperatures Giving Minimum 
Hardness and Grain Size at These Temperatures 


-—-Temperature—, Grain Size 
F Cc 


Alloy Mm. Av. Dia. 
2- 0 1609 870 0.120 
2- 1 1600 870 0.150 
2- 3 1600 870 -+-0.200 
2- 5 1600 870 +0.200 
2-10 1600 870 -+-0.200 
2-15 1600 870 +0.200 
3- 0 1600 870 0.150 
3- 1 1700 925 0.200 
3- 3 1700 925 +-0.200 
3- § 1600 870 +-0.200 
3-10 1600 870 +0.200 
3-15 1600 870 -+-0:200 
4- 0 1600 870 0.015 
4-1 1700 925 0.045 
4- 3 1600 870 0.035 
4-5 1600 870 0.200 
4-10 16090 870 -+-0.200 
4-15 1600 870 +0.200 
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Fig. 1—Alloy 3-15. Solution-treated % hour at 1600 F 
(870C). xX 100. 
Fig. 2—Alloy 3-10. 60% cold-reduced. XX 250. 
is not in complete solution at 1600 F (870C) but is composed of 
alpha solid solution and a finely divided precipitate within the solid 
solution matrix. At 1700 F (925(C) (Fig. 3c) this precipitate prac- 
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Fig. 3—Alloy 4-1. a. Solution-treated % hour at 1600 F (870C). X 100. »b. 
Solution-treated % hour at 1600 F (870C). > 500. c. Solution-treated % hour at 
1700 F (925C). X 500. 


tically disappears and the material is at its minimum hardness. Solu- 
tion-treated material will hereafter be discussed as annealed. 
The temperature at which minimum hardness was obtained, and 
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Fig. 4 (Upper)—Ternary Plot in the Copper-Rich Corner Showing Annealed Hardness. 
Rockwell F 


Fig. 5 (Lower)—Ternary Plot in the Copper-Rich Corner Showing Cold-Worked Hard- 
ness. Rockwell B. 


the grain size at this temperature, are shown in Table III. As can 
be seen, the grain size is unusually large in most cases. In fact, this 
grain size is undoubtedly too large and a smaller grain size in the 
annealed condition should give greater hardness values upon aging. 
It is interesting to note the change in grain size with composition. 
Grain size increases with manganese content and tends to decrease 
with increasing cobalt content, with the exception of the 3% cobalt 
compositions whose grain sizes are generally larger. 

The effect of manganese on the hardness of binary copper- 
cobalt alloys in the annealed and cold-worked condition is well illus- 
trated in Figs. 4 and 5. In the annealed material (Fig. 4) manganese 
has a decided influence on the hardness of the 2% cobalt alloy. This 
influence decreases with increasing cobalt. The hardness of the 2 
and 3% alloys is increased from Rockwell F-30 to F-62 and Rock- 
well F-40 to F-68, respectively, by the addition of 15% manganese. 
The hardness of the 4% cobalt alloy is increased from Rockwell 
F-60 to F-71 by the addition of 5% manganese, but increasing the 
manganese to 15% decreases the hardness to F-67. This decrease in 
hardness may be due to some extent to the large grain size. 

In the cold-worked material (Fig. 5) hardness increases di- 
rectly with increasing manganese in all alloys and reaches a maxi- 
mum in the 4% cobalt alloy at 15% manganese. The change in 
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hardness with increasing manganese, as in the annealed material, is 
greatest in the 2% cobalt alloy which increases from Rockwell B-65 
to B-93 with 15% manganese, and is smallest with the 4% cobalt 
alloy which increases from Rockwell B-72 to B-95 with 15% man- 
ganese. 


AGING 


To establish the effect of aging time and temperature on alloys 
in the annealed condition and in the cold-worked condition, specimens 
were aged at temperatures ranging from 600 to 1200 F (315 to 650 
C) for time periods of 4, 1, 2, 4, 8, 16, 24 and 48 hours. Hardness 
data obtained were plotted to show the hardening effect of manganese 
on the copper-cobalt alloys. Figs. 6 to 14, inclusive, are representa- 
tive of all the alloys investigated and show the changes in hardness 
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Fig. 6—Time-Hardness Curves for Alloy 2-0. 


of a 2, 3 and 4% copper-cobalt alloy with the addition of 1 and 10% 
manganese. Curves for alloys containing 3, 5 and 15% manganese 
are omitted since the curves shown are representative. The graphs 
are arranged so that direct comparison can be made between material 
aged from the annealed condition and material aged from the cold- 
worked condition. 

Figs. 6 to 8 illustrate the effect of manganese on a 2% cobalt 
alloy. The addition of manganese increases the initial annealed hard- 
ness and the general hardness levels at each aging temperature except 
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Fig. 7—Time-Hardness Curves for Alloy 2-1. 
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Fig. 8—Time-Hardness Curves for Alloy 2-10. 


1000 F (540 C) at which temperature alloy 2-0 has a higher hard- 
ness than alloy 2-1. An increase in aging temperature from 800 F 
(425 C) to, and including, 1000 F (540C) produces an increase in 
hardness. At 1000 F (540 C) alloy 2-10 reaches its maximum hard- 
ness of Rockwell B-62 at the end of 24 hours’ aging and does not 
overage. Alloys 2-0 and 2-1 do not overage at 1000F (540C). 
Aging at 1100 F (595 C) produces maximum. hardness of Rockwell 
B-40 and B-44 in alloys 2-0 and 2-1. Overaging occurs at this 
temperature in all three alloys. The time at which overaging occurs 
decreases with increasing manganese. At 1200 F (650C) a maxi- 
mum hardness is obtained in 4% to 1 hour’s aging and the alloys 6ver- 
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Fig. 9—Time-Hardness Curves for Alloy 3-0. 
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Fig. 10—Time-Hardness Curves for Alloy 3-1 
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Fig. 11—Time-Hardness Curves for Alloy 3-10. 
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age in 1 to 2 hours in all cases. Maximum hardness of Rockwell 
F-78 is obtained at this temperature in alloy 2-1, with the hardness 
of the other alloys falling below this. Final hardness obtained at 
1200 F (650C) was generally at, or near, the annealed hardness 
except for alloy 2-1, in which the final hardness was slightly higher 
than the annealed. 

The addition of manganese increases the hardness of the cold- 
worked material. This hardness increases from Rockwell B-64 in the 
copper-cobalt alloy to Rockwell B-90 with the addition of 10% man- 
vanese. When aged from a cold-worked condition the general hard- 
ness level for each aging temperature is increased with the addition 
of manganese. Aging at 600 F (315C) produces very little change 
in original cold-worked hardness until aged 8 hours for alloy 2-0, 
and 16 hours for alloy 2-1, at which times the material softens, obtain- 
ing a minimum hardness of Rockwell F-78 for alloy 2-0 and Rock- 
well B-61 for alloy 2-1 in 48 hours. Alloy 2-10 decreases in hard- 
ness very slightly from its original hardness of Rockwell B-90 dur- 
ing the aging period. When aged at 800 F (425(C) the alloys de- 
crease in hardness during the first % to 1 hour and then maintain 
this hardness generally throughout the aging period. Alloy 2-0 
drops to Rockwell F-68, whereas the alloys containing manganese 
maintain a higher level. Alloy 2-10 has a minor drop from Rockwell 
B-90 to B-84. A secondary softening occurs in alloys 2-0 and 2-1 
after 24 hours’ aging. At 900 F (480C) the alloys age in much the 
same manner as at 800 F (425C) except that alloys 2-0 and 2-1 
increase their hardness levels with the increase in temperature and 
the hardness level of alloy 2-10 decreases very slightly, retaining 
practically the same value as at 800F (425C). Aging alloy 2-0 
at 900 F (480 C) produces an increase in hardness with time after 1 
hour. This effect does not take place in the alloys containing man- 
ganese. Aging at 1000 F (540 C) produces higher hardness levels in 
alloys 2-0 and 2-1, but again a lower hardness level in 2-10 than 
those produced at 800 and 900 F (425 and 480C). Both alloys 2-0 
and 2-1 age harden after 1 and 2 hours, respectively, at this temper- 
ature, obtaining a maximum hardness at 16 hours’ aging time. Sec- 
ondary softening occurs in alloy 2-10 after 4 hours. At 1100F 
(595 C) the alloys age in the same manner as at 1000 F (540C), 
overaging occurring in alloy 2-0 after 16 hours and in alloy 2-1 after 
8 hours, with secondary softening occurring in alloy 2-10 at 4 hours. 
At 1200 F (650 C) all alloys soften materially from the cold-worked 
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Fig. 12—Time-Hardness Curves for Alloy 4-0. 
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Fig. 13—Time-Hardness Curves for Alloy 4-1. 
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Fig. 14—Time-Hardness Curves for Alloy 4-10. 
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hardness. The addition of manganese decreases the rate of soften- 
ing, and in alloy 2-10 minimum hardness is obtained at 4 hours. 
Hardness values at 1200 F (650 C) are lower than for any previous 
temperature, but do not decrease sufficiently during the aging time to 
equal the annealed hardness. 

Figs. 9 to 11 show the change in hardness of a 3% cobalt alloy 
with the addition of manganese. Manganese again increases the 
initial annealed hardness and the hardness levels at the various aging 
temperatures. The hardening characteristics are much the same as 
the 2% cobalt alloys, except the hardness levels are higher in all 
cases. In the annealed material an increase of aging temperature 
above 800 F (425 C) and up to 1000 F (540 C) produces an increase 
in hardness. Aging at 10OOOF (540C) produces maximum hardness 
in all cases. Maximum hardness values obtained were Rockwell 
B-52, B-56 and B-72 for alloys 3-0, 3-1 and 3-10, respectively. Over- 
aging occurs in alloy 3-10 at 1OOOF (540C) after 24 hours and 
does not occur in the others. At 1100 F (595 (C) all alloys reach a 
maximum hardness in 2 hours and then overage, the time for over- 
aging decreasing as manganese content is increased. Aging at 1200 F 
(650 C) produces the same characteristic results as those obtained 
in the 2% cobalt alloys with the maximum hardness of Rockwell 
B-46 being obtained in the 10% manganese alloy. 

Aging from the cold-worked condition produces somewhat simi- 
lar characteristics to those of the 2% cobalt alloys. Aging at 600 F 
(315C) produces no change in hardness from the original cold- 
worked hardness, except the copper-cobalt alloy decreases in hardness 
after aging 4 hours, reaching a minimum of Rockwell B-41 from 
B-69. Aging at 800, 900 and 1000 F (425, 480 and 540 C) produces 
the same effect with the 3% cobalt alloys as with the 2% cobalt al- 
loys, except for a tendency to harden and overage. At 800F (425 
C) alloy 3-0 began to harden at 16 hours, and at 900 F (480C) at 
1 hour, with no indication of overaging. Alloy 3-1 began to harden 
in 4 hours at 800 and 900 F (425 and 480C) with a tendency to 
overage after 16 hours at 900 F (480C). At 800 and 900F (425 
and 480 C) alloy 3-10 retains the original cold-worked hardness with 
a slight softening at 1 hour compensated by a gain in hardness at 4 
hours. At 1000 F (540C) overaging occurs in all alloys. Hard- 
ness levels are higher in alloys 3-0 and 3-1, and lower in alloy 3-10, 
than at 800 and 900 F (425 and 480C). At 1100 F (595C) none 
of the alloys show a tendency to harden. Alloys 3-0 and 3-1 show 
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secondary softening after 2 hours. At 1200F (650C) all alloys 
soften continuously. 

The effect of manganese on the hardening properties of a 4% 
cobalt alloy is shown in Figs. 12 to 14. Manganese again increases 
the initial annealed hardness and the hardness levels of the various 
aging temperatures of the copper-cobalt alloy. An increase in aging 
temperature from 800F (425C) to 1000 F (540C) produces an 
increase in hardness in the annealed material. At 1000 F (540C) 
maximum hardness of Rockwell B-59 and B-56 is obtained in 16 
and 4 hours for alloys 4-0 and 4-10, with overaging occurring at 24 
and 48 hours, respectively. Maximum hardness of Rockwell B-63 
is obtained in 2 hours at 1100 F (595 (C) for alloy 4-1. All alloys 
overage at 1100 F (595 C) and overaging time again decreases with 
the increasing manganese. At 1200 F (650C) all alloys reach a 
maximum in ¥% to 1 hour and overage in 1 to 2 hours. At this 
temperature maximum hardness of Rockwell B-41 occurs in alloy 
4-10. 

Material in the cold-worked state ages, in general, the same as 
the other cold-worked alloys. At 600F (315C) all alloys, except 
4-0, maintain their original hardness. Alloy 4-0 softens after 1 hour, 
reaching a minimum of Rockwell B-57 in 48 hours. At 800, 900 
and 1000 F (425, 480 and 540C) alloy 4-0 decrease in hardness, 
then hardens again, with overaging occurring at 800 and 1OOOF 
(425 and 540C). Alloy 4-1 decreases in hardness to constant values 
and alloy 4-10 retains its initial hardness, except after 2 hours at 
1000 F (540C). In alloys 4-0 and 4-1, 900F (480C) produces 
higher hardness values than 800 F (425 (C), while in alloy 4-10 the 
values are very nearly the same. Aging at 1000 F (540C) produces 
higher hardness values than aging at 800 and 900 F (425 and 480 C) 
for alloys 4-0 and 4-1, and lower values for alloy 4-10. Overaging 
occurs in the copper-cobalt alloy after a slight amount of hardening, 
does not occur in alloy 4-1, and occurs in alloy 4-10 without any 
evidence of hardening. In all cases aging at 1100 and 1200 F (595 
and 650 C) produces no hardening, but continuous overaging. 

In general, it can be seen that the addition of manganese in- 
creases the hardness of the copper-cobalt alloys in all cases. Greater 
hardness values are obtained also in the higher cobalt alloys. When 
aged from an annealed condition the hardness of all alloys is in- 
creased with the increase of aging temperature from 800 to 1000 F 
(425 to 540C). Copper-cobalt alloys containing 10% manganese 
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obtain maximum hardness when aged at 1000 F (540C) from the 
annealed condition. When aged 48 hours at 900 F (480 C) the 15% 
manganese alloys attain maximum hardness values of Rockwell B-5/, 
B-73 and B-81 for the 2, 3 and 4% cobalt alloys. Neglecting the 
appearance of overaging in alloy 4-0 at 1000 F (540C), overaging 
occurs only in alloys 3-10 and 4-10 and then at 48 hours. At 1100 F 
(595 C) overaging occurs in all alloys, the time for overaging de- 
creasing with increasing manganese. With the exception of alloys 
3-0, 3-1 and 4-0, maximum hardness is obtained in alloys containing 
less than 10% manganese when aged at 1100F (595C) from the 
annealed condition. Aging at 1200 F (650C) produces rapid over- 
aging in all alloys. 

When aged from a cold-worked condition at 600 F (315C) all 
alloys retain their original cold-worked hardness, except the binary 
copper-cobalt alloys and the 2% cobalt alloy containing 1% man- 
ganese. The copper-cobalt alloys decrease in hardness at 600F 
(315 C) after aging, the time of aging decreasing with increasing 
cobalt content. Alloy 2-1 loses some hardness at 2 hours and again 
at 16 hours; however, the total decrease in hardness is not great. 
Alloys containing 15% manganese increase in hardness slightly above 
their original cold-worked hardness when aged 1 hour at 600F 
(315C). Binary copper-cobalt alloys and alloy 2-1 aged at 800, 
900 and 1000 F (425, 480 and 540 C) decrease in hardness with the 
lowest temperature producing the least hardness. When aged from a 
cold-worked condition at 800 and 900 F (425 and 480C) all alloys, 
except the 2% cobalt and the 3 and 4% cobalt containing 1% manga- 
nese, retain very nearly their original cold-worked hardness. Alloys 
containing 2% cobalt with more than 1% manganese, and alloys 3-1 
and 4-1, decrease in hardness slightly after % hour’s aging at 800 
and 900 F (425 and 480°C) and then retain constant values, except 
that alloy 3-1 hardens slightly at these temperatures. All alloys, with 
the exception of the 2% cobalt alloys and those containing 1% man- 
ganese, decrease in hardness with aging at 1000, 1100 and 1200F 
(540, 595 and 650C) with little tendency to harden. The 2% 
cobalt alloys containing more than 1% manganese decrease in hard- 
ness in % hour at 1000 and 1100 F (540 and 595(C) with a sec- 
ondary softening occurring after 4 hours. 

By examination of the final hardness values in the cold-worked 
material, it can be seen that a definite relationship exists between 
composition and temperature. The binary copper-cobalt alloys de- 
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crease in hardness when aged at 600 F (315C), further decrease 
when aged at 800 F (425 (C), increase considerably above the hard- 
ness at 600 F (315 C) when aged at 1000 F (540C), then decrease 
progressively with increasing temperature to 1200 F (650C). Alloy 
2-1 behaves in a like manner, except that the hardness at 600 F 
(315 C) is the highest. All other alloys decrease in hardness from 
600 to 1200 F (315 to 650C) more progressively with increasing 
temperature, except that temperatures 800, 900 and 1000 F (425, 480 
and 540C) produce approximately the same hardness in the 1% 
manganese alloys, 800 and 900 F (425 and 480 C) produce the same 
hardness in the 2% cobalt alloys above 1% manganese, and 600, 
800 and 900F (315, 425 and 480C) produce approximately the 
same hardness in the 3 and 4% cobalt alloys containing more than 
1% manganese. 

Recrystallization temperature was determined to be approxi- 
mately 600 F (315C) for the binary copper-cobalt alloys, thus ac- 
counting for the softening occurring at this temperature when aged 
from the cold-worked condition, as well as the greater decrease in 
hardness at the other temperatures. Alloys containing 2% cobalt 
with 1 to 15% manganese and alloys 3-1 and 4-1 began recrystalliza- 
tion at approximately 800 F (425C) and the hardness data sub- 
stantiate this. The temperature for recrystallization of the 3 and 
4% cobalt alloys containing from 3 to 15% manganese was approxi- 
mately 1000 F (540C). For this reason these alloys retained their 
original cold-worked hardness when aged at temperatures not ex- 
ceeding 900 F (480C). 

The lack of significant increase in hardness in the cold-worked 
material above the initial hardness is tentatively attributed to the fact 
that cold working is assumed to produce aging with a submicroscopic 
precipitate. When further aged above the recrystallization tempera- 
ture of the alloy, this precipitate grows rapidly producing a softened 
material due to the coagulation of the precipitate beyond the optimum 
size. Aging below the recrystallization temperature produces very 
little change in the initial hardness. 

Aging temperatures of 950, 1050 and 1150 F (510, 565 and 
620 C) were also investigated. Since these temperatures produced 
the same hardness characteristics, and for reasons of simplicity, they 
are not plotted on the graphs. 

Table IV. shows the maximum hardness obtained in the alloys 
when aged from the annealed condition at the various temperatures, 
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aging time for this hardness and the time when overaging occurs. 
Maximum hardness values are italicized. As can be seen, an aging 
temperature of 1000 F (540 C) produces maximum hardness in most 
alloys with overaging occurring in only two cases. Generally speak- 
ing, the 2 and 4% cobalt alloys with low manganese (5% and below ) 
produce maximum hardness values when aged at 1100 F (595C),. 





% MANGANESE 


Fig. 15—Ternary Plot in the Copper-Rich Corner Showing Maximum Hardness 
When Aged from the Annealed Condition. 


In some cases both 1000 and 1100 F (540 and 595 C) produce equal 
hardness, but the lower temperature was selected to avoid overaging. 
Alloys containing 15% manganese show maximum hardness at 900 F 
(480 C) when aged for 48 hours. Maximum hardness and overaging 
are obtained in less aging time with the higher manganese alloys. 

A ternary plot in the copper-rich corner giving maximum hard- 
ness values obtained when aged from the annealed condition is shown 
in Fig. 15. The effect of manganese on the hardness of copper- 
cobalt alloys is well illustrated. The addition of 10% manganese 
increases the hardness of a 2% cobalt alloy from Rockwell B-40 to 
B-62 and the further addition of 5% manganese decreases the hard- 
ness to Rockwell B-57. The hardness of a 3% cobalt alloy is increased 
from Rockwell B-52 to B-73 with the addition of 15% manganese, 
and the hardness of a 4% cobalt alloy is increased from Rockwell 
B-59 to B-81. The total increase in hardness by the addition of man- 
ganese is the same for each alloy, except that maximum hardness is 
obtained at 10% manganese for a 2% cobalt alloy and at 15% man- 
ganese for 3 and 4% cobalt alloys. 


Microscopic EXAMINATION 


Microscopic examination of the aged alloys shows two differ- 
ent types of structures developed in the annealed material, depend- 
ing upon aging temperature, When aged at temperatures giving maxi- 
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Fig. 16—Alloy 3-3 Solution-Treated % Hour at 1700 F 
% hour at 1100 F (595C). b. Aged 48 hours at 1100 F (595 C). 
1200 F (650C). d. Aged 48 hours at 1200 F (650C). 


c. Aged ™% hour at 


mum hardness, a finely divided precipitate appears in the grain 


boundary areas at % hour (Figs. l6a and 17a) with a slight tend- 


ency to spread through the grains themselves (Figs. 16b and 17b). 
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Fig. 17—Alloy 3-5 Solution-Treated % Hour at 1600 F (870C). x 500. a. Aged 
% hour at 1100 F (595 C). b. Aged 48 hours at 1100 F (595C). c. Aged % hour at 
1200 F (650C). d. Aged 48 hours at 1200 F (650C). 


Attention is called to the fact that inasmuch as the precipitate at 48 
hours is the same as that at the optimum aging time, and is more 
distinct, illustrations at 48 hours were chosen. Aging at 1200F 
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Fig. 18—Alloy 3-5 Cold-Reduced. 500. a. Aged % hour at 600 F (315C). 
b. Aged 48 hours at 600 F (315C). c. Aged % hour at 1200 F (650C). d. Aged 48 
hours at 1200 F (650C). 





(750 C) produces a finely divided precipitate in the grain boundaries 
in % hour (Figs. 16c and 17c) and this spreads throughout the 
grains (Figs. 16d and 17d). 
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Fig. 19—Alloy 3-10 Cold-Reduced. <x 500. a. Aged % hour at 600 F (315C). 
b. Aged 48 hours at 600 F (315C). c. Aged % hour at 1200 F (650C). d. Aged 48 
hours at 1200 F (650C). 


The effect of aging time and temperature in cold-worked mate- 
rial is shown in Figs. 18:and 19. At 600 F (315 (CC) the cold-worked 
structure and the effect of partial recrystallization tend to mask any 
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precipitate formed. Plate b in Figs. 18 and 19 indicates the degree 
of recrystallization of the alloys at 600 F (315C) after aging 48 
hours. Aging at 1200 F (650C) from the cold-worked condition 
produces no visible grain boundary precipitate, but a general coagu- 
lation of the precipitate within the grains themselves (Figs. 18d and 
19d). When aged at 1200 F (650C) recrystallization is well ad- 
vanced at % hour and practically complete in all cases after 48 hours. 


SUMMARY 


Copper-cobalt-manganese alloys containing from 2 to 4% cobalt 
and up to 15% manganese respond to age hardening treatment from 
the annealed condition. Annealing temperatures for complete solu- 
tion and minimum hardness vary from 1600 to 1700F (870 to 
925 C) depending upon composition. Recrystallization occurs at 
temperatures ranging from 600 to 1000 F (315 to 540C), again 
depending upon composition; the higher manganese and cobalt alloys 
require higher temperatures for recrystallization. Aging at 900, 
1000 and 1100 F (480, 540 and 595 C) from an annealed condition 
for periods up to 48 hours produces maximum hardness, the optimum 
aging time at any temperature decreasing with increasing manganese. 
Hardness properties obtained are reproducible within reasonable lim- 
its and the rate of hardening is such as to permit control of aging 
time. 

These alloys do not harden significantly above the cold-worked 
hardness when aged at any temperature from a cold-worked condi- 
tion; however, at any temperature less than 1100 F (595 C) the aged 
hardness in the cold-worked material is higher than the correspond- 
ing maximum hardness in the annealed material. Maximum hard- 
ness values obtainable are Rockwell B-81 for annealed material and 
Rockwell B-97 for cold-worked material. Manganese influences the 
hardening characteristics of the binary copper-cobalt alloys, produc- 
ing increased hardness values with the addition of manganese up to 
10% for the 2% cobalt alloys and 15% for the 3 and 4% cobalt 
alloys. 
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DISCUSSION 


Written Discussion: By J. R. Long, senior metallurgist, U. S. Depart- 
ment of the Interior, Bureau of Mines, Salt Lake City Division, Metallurgical 
Branch, Salt Lake City, Utah. 

I would like to call attention to the fact that Mr. Fredrickson carried out 
this work as an undergraduate student at the University of Utah and the paper 
as presented represents part of the work performed as a Bachelor’s thesis proj- 
ect. As such, I believe it is an outstanding contribution and congratulate Mr. 
Frederickson on having performed such an excellent piece of work and pre- 
senting it so ably. 

We at the Bureau of Mines were able to be of some slight assistance to 
him in the preparation of the alloys on which he obtained the hardenability 
data, and from time to time were able to make a few helpful suggestions. One 
of those suggestions was the aging of the material in the 60% cold-worked 
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condition. This was intended to permit a comparison of the aging rates in the 
annealed and cold-worked conditions. Most hardenable alloys age more rapidly 
from the cold-worked condition than from the annealed condition. It is now 
evident that a lesser degree of cold work might have permitted some hardening 
at the low aging temperatures. It is obvious that precipitation has taken place 
during the cold working and hence none of the alloys on aging exceeded the 
cold-worked hardness. 


Author’s Reply 


I wish to express my appreciation of the comments and discussion made 
by Mr. Long. I have nothing to add to his remarks since I am in complete 
agreement with him regarding the precipitation taking place during cold work. 








FORMATION AND TRANSFORMATION STUDIES 
OF IRON-CARBON POWDER ALLOYS 


By JoHN F. KAHLEs 
Abstract 


The results presented in this study show that very pure 
steels may be prepared by pack carburizing compressed 
carbonyl-L iron powder and that the austenite transforma- 
tion characteristics of these powder products do not differ 
markedly from steels made from the liquid state. A TTT- 
diagram for a “powder” steel is shown for a composition of 
0.87% carbon. In addition some interesting trends are pre- 
sented for the carburization of compressed powdered iron. 


INTRODUCTION 


N considering the problem of the study of reactions in iron-carbon 
powder alloys one of the prime interests was to determine whether 
some of the reactions which occur in the solid state in ordinary steels 
are similar to those in the powder alloys. W. D. Jones (1)* has pointed 
out that the powder approach to the solution of many intricate prob- 
lems confronting metallurgists constituted a powerful tool. He states, 
“By the sintering method it is possible to vary the intercrystalline phase 
at will.” Problems of grain growth, austenite decomposition, inter- 
granular corrosion of stainless steels, season cracking in copper-base 
alloys, carburization of iron, and graphitization of iron-carbon alloys 
are but a few of the many problems that may be approached from the 
powder state. By its methods one often has a better opportunity to 
incorporate constituents in a controlled fashion in solid solution and in 
additional phases that may lead to the analysis of a given problem. Of 
particular interest is the fundamental problem before metallurgists 
continually—namely, the nature of the grain boundary. Following 
are listed the objectives sought in this study. 
‘The figures appearing in parentheses pertain to the references appended to this paper. 
This paper is a portion of a thesis submitted by John F. Kahles to the Graduate School of 


the University of Cincinnati in June, 1946, in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. ' 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, John 

Kahles, is associate professor of metallurgical engineering, University of 
Cincinnati, Cincinnati, Ohio. Manuscript received June 29, 1946. 
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a. How can steels be formed from the powder state and what 
factors are of particular import? 


b. How is the isothermal decomposition of austenite influenced 
when the steel is formed from the powder state? 
c. What are the carburizing characteristics of iron powder? 


Some of the questions proposed are answered with a degree of 
satisfaction in this paper. The results, however, constitute but a small 
beginning toward thorough understanding of the objectives sought. 
One may say that new horizons are at least brought into view. 

In the following discussion no time is spent in consideration of the 
general field of powder metallurgy. However, references (1) to (11) 
inclusive are particularly valuable as sources of both general and 
specific information relating to problems in powder metallurgy. 


THE PowpEerR METALLURGY OF STEEL 


In recent years considerable interest has been shown in the field 
where powder metallurgy is competitive with other fabrication pro- 
cedures, F. P. Peters (12) and A. J. Langhammer (13) in recent 
papers have discussed some of the questions relating to this general 
problem. Peters pointed out that from considerations of design, powder 
metallurgy may be competitive with sand casting, die casting, perma- 
nent mold casting, precision investment casting, machined bar stock, 
screw machine parts, cold heading, drop forging, stamping, and draw- 
ing. Langhammer discussed in a general way the advantages and 
limitations of powder metallurgy as applied to machine parts. In this 
field, from a material standpoint, much emphasis has been placed 
upon the use of iron and iron-base alloys. 

Before and during World War II important applications were 
made of steels developed by powder methods, but it may be said that 
there is, as yet, not enough work of a fundamental nature in the litera- 
ture. Some of the more interesting developments are summarized in 
paragraphs that follow. 

W. D. Jones (1) has summarized the work of German investi- 
gators, particularly E. K. Offermann, H. Buchholtz, and E. H. Schulz. 
These men produced steels by sintering carbonyl iron powders of vary- 
ing carbon and oxygen contents. To these powders they added graphite, 
ferromanganese, and other agents as desired. After sintering, the 
ingots were forged into billets. Properties of these steels, including 
tensile strength, electrical resistance, magnetic properties, hardness, 
microstructural characteristics, heat treating properties, weldability, 
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and others, were then studied and compared with steels produced from 
the molten condition. The results are quite detailed but one gets a very 
definite impression that the same condition of composition and grain 
structure in a steel may be achieved either from the liquid or solid 
state without too much difficulty. When one considers the subtleties 
possible in the condition of the grain boundary, this is a rather sweep- 
ing statement to make. Lest there be a misunderstanding it might be 
added that the equivalency referred to has not as yet been established 
but there is a distinct trend toward it. 

C. W. Balke (14) has reported some of his studies on the effect 
of pressure on the properties of powder compacts. He made steels 
with electrolytic iron as a base and included carbon and other alloying 
elements necessary to approach steels designated ordinarily as 
SAE 1000 series, SAE 4560 and SAE 3140. In the case of a certain 
manganese-molybdenum steel he found in certain respects the powder 
steel to be superior. Not enough information is given, however, to 
draw definite conclusions regarding equivalency. 

J. Wulff (15) has reported on the production of a steel from 
powders which approached closely the composition of SAE 4340. He 
too finds the properties of this material similar to those of the ordinary 
bar stock. 

In addition to these attempts at producing powder alloys resem- 
bling the cast and wrought steels, there have been a number of inter- 
esting developments where physical properties, though not approaching 
wrought steels, are more than adequate. F. V. Lenel (16) reported 
that a number of iron parts have been made and that some of these 
were used in quantities of a million or more. In particular he has 
interesting remarks to make concerning production of an oil-pump 
gear used in automotive work. The microstructure developed might be 
considered more nearly that of cast iron than of steel. The materials 
required for the production of the part are reduced iron and graphite, 
and the resultant structure after sintering is graphite in a matrix of 
alpha ferrite and cementite. A large amount of the alpha ferrite and 
cementite is present as pearlite. Some of the advantages gained include: 
less raw material waste, more accurate contour resulting in better 
performance, porosity for oil impregnation, lower labor costs, and 
strengths equivalent to that of the cast iron gears formerly used. Some 
of the savings made in the production of powder machine parts have 
been astounding. In some British manufacturing procedures on gun 
parts 1,250,000 pounds of critical materials and 5,000,000 man-hours 
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were saved over a 12-month period during the recent war. According 
to Langhammer (13), even such parts as micrometer frames and 
V-blocks have been produced. The above publications along with many 
patents in all countries have dealt with the problem of steel powder 
and parts production. 

In reviewing the literature on steel parts from powders several 
general methods are prominent. Very frequently carbon in the form 
of graphite or carbon black has been introduced into the powder mix 
with hydrogen-reduced or electrolytic iron. In some instances brittle 
alloys such as white cast iron have been pulverized and mixed in 
appropriate quantities into iron powders. In both methods satisfactory 
pressing and homogenization have been attained. One of the prime 
difficulties encountered in pressing steel powders into compact form is 
the poor plasticity which gives rise to poor green strength, but the 
presence of an adequate quantity of the plastic iron powder obviates 
trouble to a marked degree. In some applications it has been sufficient 
to provide a soft layer on the surface of alloy powders. This may be 
achieved by a partial decarburization of the powder particles under 
conditions where no oxidation occurs. Alloying elements such as 
manganese, nickel, chromium and others have been introduced in the 
same way as carbon, i.e., by incorporating them in the powder mix. 
P. R. Kalischer in a discussion of work by Balke (14) states that by 
use of controlled atmospheres they have been able to maintain carbon 
contents in compacts to within 0.02 to 0.03%. This is remarkable. 

Another method to which there has been but brief reference in 
the literature is one involving carburization of a compact already 
formed. Carburizing and sintering may take place simultaneously—it 
might be termed carbasintering. Some work has been reported very 
recently by A. S. Margolies (17). 

In reviewing the literature on production of steels from powders 
it is clearly evident that one of the important factors to consider is 
oxygen content of the metal powders. In order to provide uniformity 
in the finished product negligible oxygen or at least uniform oxygen 
content is essential in powder production. Any number of so-called 
steel parts that have been examined microscopically are no more than 
iron-base parts with iron oxide particles distributed in the matrix with 
little or no carbon present. An examination of some iron powders sold 
commercially reveals large quantities of iron oxide with no recognition 
made of quantities of oxide present. 

In concluding one may say that the economy of lower strength 
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iron-base alloys, such as the oil-pump gear referred to earlier, is well 
established. There is, however, a trend toward the development of 
higher strength parts made of steel. These have every chance of meet- 
ing competition offered by other methods. At the same time the need 
for fundamental data on their formation, reactions, and performance 
is clearly manifest. 


PRODUCTION OF STEEL COMPACTS BY CARBURIZING 


With the revealed interest in the development of high strength 
steels from powder, a logical study to make is one dealing with the 
heat treating characteristics of such steels. More specifically it would 
be valuable to have information concerning the austenite transforma- 
tion characteristics of steel powder compacts so that they might be 
compared with the conventional materials. In starting this program it 
was decided to prepare as pure an iron-carbon alloy as feasible in 
order to maintain better control of the pertinent variables during the 
transformation of austenite, and to prepare a foundation for more 
comprehensive studies later. 

The very first attempts at producing an iron-carbon alloy to be 
used in this study were made by adding graphite to hydrogen-reduced 
iron of relatively high purity. With the first experiments run, difficulty 
was encountered in getting carbon into the iron when the material was 
heated into the austenite field. Later it was found that this was caused 
by the high oxygen content of the iron powders and much more carbon 
than required for the alloy should have been added to compensate for 
the loss due to reduction of iron oxide. Meanwhile, thought was given 
to the possibility of carburizing pure iron compacts. Listed below are 
some of the typical analyses from which a selection was made. 


Electrolytic Iron Powder—Annealed 


Total Iron 99.50% 
Copper 0.01 
Silica 0.02 
Manganese 0.027 
Zinc 0.090 
Nickel None 
Sulphur 0.001 
Phosphorus 0.002 
Free Carbon 0.005 
Oxygen ~- 
Electrolytic Iron Powder 
Metallic Iron 97.2% 
Total Iron 98.0 
Total Carbon 0.07 


SiO: 0.017 
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Hydrogen-Reduced Iron Powder 


Total Iron 99.0% 
Carbon 0.04 
Manganese 0.18 
Carbony] Irons 
Grade % Carbon % Oxygen % Nitrogen 
L 0.005-0.03 0.1 -0.2 0.005-0.05 
c 0.03 -0.12 0.1 -0.3 0.01 -0.1 
E 0.65 -0.80 0.45 -0.60 0.6 -0.7 
TH 0.5 -0.6 0.5 -0.7 0.5 -0.6 
SF 0.5 -0.6 0.7 -0.8 0.5 -0.6 


The statement carried along with the above analyses of carbonyl 
irons is “With reference to the chemical analysis shown above it 
should be noted that spectroscopic analysis shows the rest to be iron 
with other elements present in traces only.” 

Inasmuch as chemical purity was an important requirement for 
this study, it was very easy to make a choice of material. The logical 
choice was carbonyl-L. By carburizing this iron in compact form it was 
possible to produce uniform composition samples that could be used 
for austenite transformation studies. In a very general way the follow- 
ing procedure was adopted. 


Step 1. The carbonyl iron “L” as received from the manufacturer 
was subjected to a hydrogen drying treatment at low 
temperatures. 

Step 2. The iron as prepared in step 1 was pressed into compact 
form in a steel die. 

Step 3. These samples were then weighed on an assay balance to 
0.01 of a milligram. 

Step 4. The. weighed samples were then packed in hardwood 
charcoal. The carburizing time and temperature were 
controlled to obtain the desired carbon analysis in the 
specimens. 

Step 5. The specimens were weighed in order to determine the 
weight increase. 

Step 6. The specimens were homogenized in a nitrogen atmos- 
phere at elevated temperatures and reweighed after this 
treatment. 

Step 7. While carbon contents were determined by the weight 
increase, actual chemical analyses were made by several 
laboratories to compare the methods so that a correlation 
could be made. 

The samples as prepared above were then cut into smaller pieces for 
the studies reported in the following section of this paper. Before de- 
veloping this phase of the work, consideration is to be given to some 


of the details of the steps just mentioned and to some of the results 
achieved. 
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Step 1. The carbonyl iron “L” was treated with dry hydrogen 
at a temperature of 260C (500 F) for 24 hours. The hydrogen was 
bubbled through a mass of powder kept in a vertical position. The gas 
seemed to make good contact with the powder particles. After treat- 
ment there was a noticeable improvement in the color and chemical 
activity of the powder. One might consider that the treatment given 
would lead to a highly reactive surface that might pick up even larger 
amounts of oxygen. As will be shown later this is not the case, for the 
chemical analyses compared with the weight changes in carburizing 
indicate a lower oxygen content than the 0.1 to 0.2% reported for this 
powder. 

The temperature of 260C (500 F) was chosen because it was 
possible to keep the powder from going into lumps at this temperature. 
If lumps formed they could be disintegrated by shaking the tube in 
which the powder was treated. At temperatures around 285 C (545 F) 
considerable lumping occurs—in fact, in some runs all of the powder 
was in a fairly hard mass. The only information available from the 
manufacturer is that sintering occurs below 500C (930F). From 
work on carbonyl “L” and “C” it would seem to occur around 285 C 
(545 F) in a hydrogen atmosphere. Some work on carbonyl “C” 
showed that there was no color improvement, i.e., brightening of the 
powder, when it was treated as above for 18 hours at 150C (300F). 

When the reduced powder was tested with concentrated nitric 
acid it was very reactive. With many fine iron powders it is possible to 
add the nitric acid without having any reaction apparent. In some 
cases a very slow addition, a drop running down the side of a test tube, 
will give rise to a vigorous reaction. In the freshly prepared irons 
above it was impossible to add the nitric acid fast enough to prevent 
reaction ; it was almost explosive in character. 

Some passivity tests were also run on the powder using a copper 
nitrate solution. Directly after reduction with hydrogen the reaction as 
noted by a color shift in the solution from blue to green takes place 
rapidly. In one test with freshly reduced powder it took but 2 minutes 
to show a shift while 40 minutes after drying it took 6.5 minutes. Four 
days later it took 20 minutes. The carbonyl “L” without hydrogen 
treatment showed a time of approximately 20 minutes also. If the test 
is carried to a point where the solution is quite definitely green, the 
reduced powders generally take more time. Not enough tests were run 
to gain knowledge of any appreciable significance. 

By drying the powder and eliminating some of the oxygen it was 
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possible to obtain a powder suitable for making carbon analyses by 
weight changes. 

Step 2. The compacts used were pressed in a small heat treated 
high carbon, high chromium steel die. Care was taken in the design 
of the die to provide uniform loading. Press capacity was limited so a 
Brinell hardness tester was used to supply the load. The dimensions of 
the compacts were % inch in diameter, and thickness of the order of 
0.035 inch. They were kept small, of the order of 0.2 gram to minimize 
density variations through the compact. The load used for the samples 
was 3000 kg. Considering the exact dimensions of the sample the 
pressing pressure used was 138,000 psi. This was sufficient to give 
dense enough samples so that no difficulty was encountered in prepara- 
tion and subsequent microscopic examination. 

Step 3. Aiter careful brushing of the samples they were weighed 
on the assay balance as indicated previously. The compacts were always 
handled with tweezers used ordinarily for analytical weights. 

Step 4. Forty specimens as prepared above were then transferred 
to a 4-inch capped short pipe nipple. The nipple was filled with a 200 
through 150-mesh hardwood charcoal surrounding the samples. This 
capped nipple was then placed inside a similar but larger nipple, a 
14-inch size, Similar charcoal was also placed in the larger nipple. 
This tube-within-a-tube combination circumvents any difficulty of 
samples staining by drawing air in upon them during cooling. More 
consistent carbon pick-up was also obtained by this practice as com- 
pared with single tube practice. These samples were carburized for 
15 hours at 870C (1600 F) under carefully controlled temperature 
conditions. The sample weights in the lot of forty varied from 0.13721 
to 0.22694 gram. This, combined with packing variations and the fact 
that the nipple was “over-crowded”, gave rise to more than usual 
variation in the weight gains. The variation was from 0.85 to 0.91%. 
There were enough samples of the same content to carry out the 
tests. Twelve of them were in the range 0.85 to 0.86%, fourteen in 
the range 0.87 to 0.88% and nine in the range 0.90 to 0.91%. 

Whenever tests were run with fewer samples, after the technique 
was acquired, much better results were secured. Typical are the fol- 
lowing, not necessarily carburized at the temperatures and times used 
for the larger batch. 


5samples 0.88-0.89% weight increase 
Ssamples 0.71-0.72% weight increase 
Ssamples 0.61-0.64% weight increase 
6samples 0.84-0.85% weight increase 


aA oP 
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e. 4samples 0 

f. 2samples 0.72% weight inerease 

g. 2samples 0.78-0.79% weight increase 

h. 2samples 0.52% weight increase 
These results show that check results are attained, and without too 
much difficulty, it might be added. 

Step 5. In order to make the weight analyses indicated previously, 
the samples were carefully removed from the carburizing pack and 
then brushed to remove any of the carbon dust that might have adhered 
to them. The samples as carburized are perfectly bright. 

Step 6. After weighing, the samples used for further work were 
homogenized in a nitrogen atmosphere for 3 hours at a temperature of 
1105 C (2020 F). After removal from this atmosphere the samples 
were reweighed. Tests with samples of wrought steels in the nitrogen 
atmosphere used show extremely small changes in weight. Typical 
would be a loss of 0.00001 gram in a sample weighing 0.36519 gram in 
a period of 12 hours at 1095 C (2000 F). The same sample showed no 
change in weight in 2.5 hours at 1040 C (1905 F). The sample was 
carefully handled, for the tests and weights used were left undisturbed 
on the balance pan. 

The train developed mainly by E. E. Stansbury (18) is described 
in detail by him. It consists of the following items through which tank 
nitrogen of high purity is passed. 


a. A tower of soda-lime 

b. Two bubble towers of concentrated sulphuric acid 

c. Tube of freshly reduced copper maintained at about 300 C. 
d. A long tube of magnesium perchlorate at room temperature 
e. Steel wool just ahead of the sample in the silica tube in which 


the homogenization is accomplished. 

The silica tube is equipped with a solenoid so that samples may be 
flushed by the furnace atmosphere and may also be allowed to cool in 
the colder portion of the tube in the same nitrogen atmosphere. The 
train is regenerated as required with tank hydrogen. 

Step 7. For one set of tests on carburization several larger com- 
pacts weighing between 2 and 3 grams were prepared in a %-inch 
diameter die. These samples were carburized and the weight gains 


noted. They were then run for carbon by the usual combustion method. 
Results were : 


Weight, % gain Chemical Analysis, % Carbon 
1.17 1.21 
1.13 1.20 
1.13 1.17 


0.76 0.83 
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In addition a set of six of the forty compacts averaging 0.88% 
weight pick-up showed a value of 0.95% carbon. Another set of six 
samples of the same group were checked after being homogenized at 
1105 C (2020F). The weight percentage was 0.91% (based upon 
weight after carburizing) while the carbon determination gave 0.93% 
carbon. Other results on single samples weighing about 0.2 gram and 
after homogenization show comparisons that are consistent. 


Weight, % Carbon, % 
0.72 0.74 
0.89 0.93 
During homogenization there is always a weight loss on the com- 
pacts. This is because oxygen that is present after the carburizing 
cycle combines with carbon to go off in the form (CO-CO,). The 
train was always checked carefully to see that it was not the N, at- 
mosphere causing this loss. Some conception of the loss may be gained 
from the following tabulation : 


Original Weight Weight after Weight after 
as Pressed Carburization Homogenization 
(g) (g) (g) 
a. 0.18740 0.18902 0.18894 
b. 0.20071 (0.20242 0.20234 
c. 0.20387 0.20564 0.20554 
d. 0.20788 0.20973 0.20964 
e, 0.17659 0.17811 0.17802 


It would appear that by making the appropriate correction the 
carbon analysis of any sample could be ascertained from a carefully 
made weight gain check. 


Spectrographic estimates were conducted on samples in various 
stages of processing. 


a. Carbonyl iron “L” as received 
The following elements were checked but not found : copper, 
silicon, sodium, manganese, nickel, chromium, cobalt, molyb- 
denum, vanadium, tungsten, lead, tin, antimony, aluminum, 
titanium, zinc, calcium, barium, and strontium. 
Carbonyl iron “L” after the hydrogen treatment and pressing 
only 
Same as in “a”. 
Carbonyl iron “L” after carburization 
Same as in “a” but two out of three samples showed an 
estimated quantity of copper equal to 0.0001 to 0.0009%. 
Carbonyl iron “L” after carburization and then with homogen- 
ization at 1105 C (2020 F) 
In addition to 0.0001 to 0.0009% copper it revealed an 
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estimated 0.0001 to 0.0009% of silicon. Otherwise the 

sample was like “a’’. 
Spot tests were made for sulphur and phosphorus. Quantitative esti- 
mates showed that both sulphur and phosphorus were present in quan- 
tities less than 0.001%. Sulphur estimates were obtained by using 
sodium azide in an iodine solution in contact with the sample. The 
presence of sulphides is shown by the nitrogen evolved. Strong positive 
tests are given by 0.05 to 0.12 microgram of sulphur in this test. Phos- 
phorus determinations were made by using the phospho-molybdate 
print technique. 

The compacts thus prepared can logically be considered to be 
relatively high purity iron-carbon alloys of known carbon content. 
Those selected for transformation studies had an actual carbon con- 
tent computed to range from 0.87 to 0.89% carbon and a density after 
homogenization of 7.2 g/cc. 


AUSTENITE DECOMPOSITION STUDIES ON 
IRON-CARBON POWDER COMPACTS 


The steels made from powdered iron by carburization were studied 
further to determine their austenite transformation characteristics. As 
indicated previously, the carbon content of the steel selected for this 
work was 0.87 to 0.89% carbon. The TTT- (time-temperature-trans- 
formation) diagram or “S” curve for this steel is shown in Fig. 1 
and the data from which the curve is plotted are listed in Table I. 
The conditions under which the data were obtained are as follows: 


1. Austenitizing was accomplished at a temperature of 1000 C 
(1830 F) for 20 minutes in the same nitrogen atmosphere 
used for homogenization of the samples after they had been 
carburized. 

2. Small notched samples (dimensions approximately 0.035 inch 
square and % inch long) were suspended in the atmosphere 
by a small stainless steel wire (0.003 inch) attached to a 
nickel wire (0.066 inch). The small samples were made by 
cutting the %4-inch diameter compacts into seven or eight 
pieces with a jeweler’s saw. The structure at 1000 diameters 
is shown in Fig. 3. 

3. The samples were held in the nitrogen atmosphere in the cold 
portion of the tube for flushing. They were then advanced into 
the hot zone of the furnace. In order to support the nickel 
wire the end was inserted into the rubber stopper which was 
used to close the silica tube. After holding for 20 minutes at 
1000 C (1830 F), the samples were quickly transferred to 
the metal baths. 
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4. Lead was used as a quenching medium in the upper tempera- 
ture ranges and the quaternary eutectic (Bi 50%, Cd 10%, 
Pb 27%, Sn 13%) was used for work at lower temperatures. 
For determination of transformation characteristics to pearlite 
or bainite the samples were quenched in a dilute NaOH solu- 
tion directly from the metal baths. When martensite studies 
were conducted, the samples were tempered at 280 C (535 F) 
for 10 seconds prior to quenching in the dilute NaOH solution. 

5. The analyses of the transformation products were all made by 
microscopic examination. Figs. 4 to 22 show the typical struc- 
tures that were obtained in developing the TTT-diagram 


(Fig. 1). 
Table I 
Data for TTT-Diagram in Fig. 1 
Temperature Time (Seconds) 
Sample No. (C) (F) Beginning Ending 
Pearlite Formation 

198 714 1317 660 

1100 713 1315 i >3000 

134 704 1299 60 a 

136 704 1299 630 

183 688 1270 12 a 

184 688 1270 i 80 

19 676 1249 1 es 

IS 676 1249 ai 20 

oe 639 1182 ? a 

163 639 1182 a 2 

Bainite Formation 

ba 546 1015 ? oa 

162 546 1015 “S 1 or less 

159 500 932 1 ae 

160 500 932 a 5 

157 455 851 2 a 

168 450 842 aa 18 

146 404 759 10 se 

153 404 759 he 60 

165 353 667 30 ; 

170 353 667 a 225 

161 308 586 75 a 

164 308 586 a 600 

177 244 471 300 By 

178 244 471 3 3000 


Martensite Formation 


Ms Point 242C, 468 F 
Me Point 96C, 205 F 


There are a number of comments of interest that may be made 
with respect to this diagram. First, it may be stated that it is subject 
to the limitations of the metallographic method of analysis. It is very 
difficult to decide when a product first appears and when transforma- 
tion to it has been completed. This is to be expected when one considers 
the kinetics of austenite decomposition. In the diagram shown this 
work was done carefully but not scrupulously. In the opinion of the 
author the diagram represents an excellent estimate of the transforma- 
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Fig. 1—TTT-Diagram for 0.87 to 0.89% Iron-Carbon Powder Alloy. 
Austenitizing temperature 1000 C, austenitizing time, 20 minutes, austenite 
grain size ASTM No. 5-6. 


tion of austenite. A conservative estimate would be a 10% variation 
in placing beginning and ending times except at temperatures where 
very rapid transformation occurs. 

It is interesting to note that the reactions do not seem to be differ- 
ent from those shown in TTT-diagrams for wrought steels. A com- 
parison is difficult to make for no one has published, as far as known 
by the author, a TTT-diagram for a high purity wrought iron alloy. 
However, one diagram exists for a 0.89% carbon steel with 0.3% 
manganese (Fig. 2). No other elements have been reported but it is 
believed that small quantities of silicon, sulphur, and phosphorus at 
least are present. 

The lower region where martensite formation occurs is entirely 
wrong in Fig. 2. However, it was possible to compare the M, points 
for the powder and wrought alloys. A. B. Greninger (19) showed an 
M, point for a 0.85% carbon, iron-carbon alloy of about 240 C (465 
F). The data in Table I show an M, point of 242 C (468 F) for the 
steel considered. It would appear that these are no different from sim- 
ilar points found in wrought pure steels. In other words, the fact that 
the density of the powder compact is but 7.2 g/cc as compared to 7.80 
g/cc for the wrought pure steels makes no difference in the beginning 
and ending of martensite formation. Whether this is true for a less 
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Fig. 2—TTT-Diagram for a 0.89% Carbon Steel With 0.3% Manganese. 


dense compact has not been ascertained. Further, it is not known 
whether the rates of martensite formation with temperature drop are 
the same. In other words, while the M, and M, points are the same, 
the transformation characteristics could deviate within this range. 

It is of interest to note that in the upper part of Fig. 1 there is a 
large temperature range where very rapid reactions occur. Just what 
the transformation characteristics are in this range has not been de- 
termined. The reactions must certainly be extremely rapid for such 
high purity alloys as used in these experiments. 

Both pearlite and bainite beginning and ending lines seem to be 
fairly straight when plotted on semilog paper. An examination of the 
curve as drawn would lead one to believe that the most rapid rate of 
transformation is somewhere between 600C (1110 F) and 650C 
(1200 F) instead of around 550 C (1020 F) as shown in the diagrams 
of eutectoid plain carbon steels published previously by other investi- 
gators. Some theoretical deductions by C. Zener (20) indicate that the 
nose of the TTT-diagram should be higher than 550 C (1020 F). 
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Fig. 3—Sample No. 138. Fine pearlite, the structure of the 0.87 to 0.89% C steel follow- 
ing homogenization. In this form it was used for the isothermal transformation studies. 

Fig. 4—Sample No. 1103. Isothermal transformation temperature 720C (1328 F), 
Time 60 minutes. Cementite and martensite. Cementite is beginning to form near the e 
of the sample. No transformation was shown in the center of the specimen. In this end in 
all other photographs of isothermal transformations the martensite is equivalent to austenite 
untransformed at the isothermal transformation temperature. 

Fig. 5—Isothermal transformation temperature 720 C (1328 F), Time 15% hours. Alpha 
ferrite, cementite, and martensite. Large crystals of cementite are shown. his sample was 
not used in plotting data for Fig. 1. The austenitizing temperature was 1050 C (1922 F). 

Fig. 6—Sample No. 1100. Isothermal transformation temperature 713C (1315 F), 
Time 51 minutes. Alpha ferrite and cementite with some present as pearlite. 
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Fig. 7—Sample No. 1100. Isothermal transformation temperature 713 C (1315 F), 
Time 51 minutes. Same as Fig. 6 but a different portion of the specimen. A few sections, 
as illustrated here, revealed some austenite untransformed. This, as usual, is revealed by 
the martensite present. 

Fig. 8—Sample No. 181. Isothermal transformation temperature 688 C (1270 F), Time 
90 seconds. Pearlite. 

Fig. 9—Sample No. 182. Isothermal transformation temperature 688 C (1270 F), Time 
15 minutes. Pearlite. 

Fig. 10—Sample No. 185. Isothermal transformation temperature 688T (1270 F), 
Time 55 minutes. Alpha ferrite, spheroidized cementite, and pearlite. 
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A remaining item of particular interest (not shown in Fig. 1 but 
for which microstructures are shown, Figs. 9, 10, 11) is the rapid rate 
at which spheroidization occurs. This is no doubt a function of the 
purity of the alloy rather than the fact that the material is a powder 
compact. For example at 690 C (1270 F) spheroidization was notice- 
able in 15 minutes and almost complete in 93 minutes. In controlling 
physical properties in relatively high purity alloys in isothermal trans- 
formations it would be essential to know when spheroidization occurs 
after formation of the pearlite. 

In addition to the TTT-diagram determined, some points were 
compared with a variation in the austenitizing temperature. Scattered 
studies were made with austenitizing temperatures varying from 
875 C (1605 F) to 1100C (2010F) and with transformations to 
pearlite, bainite, and martensite. There was little variation if any from 
the results shown at 1000C (1830 F). This may be attributed to the 
fact that there were no marked changes in grain size for the times and 
temperatures used. More detailed studies are necessary to be certain 
of the results. 


PHOTOMICROGRAPHS 


Figs. 4 to 22 inclusive are photomicrographs taken of typical 
transformation products of austenite decomposition for the 0.87 to 
0.89% carbon “powder” steel. They were all taken at 1000 diameters 
magnification with a 54X oil immersion objective. Etching was done 
with a solution containing 100 cc absolute alcohol, 2 cc of fuming nitric 
acid and 0.5 g of urea. Other photomicrographs in this paper were also 
etched in a similar manner and photographed at 1000 diameters. 


PACK CARBURIZING STUDIES OF IRON PowpER CoMPACTS 


Earlier in this presentation comments were made pertaining to 
the method used for preparation of iron-carbon alloys by carburizing 
pure iron compacts in hardwood charcoal. Before this procedure was 
decided upon, other experiments had been performed which yielded 
interesting results. The author is aware of the fact that much more 
data would be desirable. However, some of the results appear to be 
of enough interest and consequently may serve in precipitating some 
good discussion. 

Carburizing with Energized Charcoal—The samples that were 
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Fig. 11—Sample No. 188. ‘Isothermal transformation temperature 688 C (1270 F), 
Time 93 minutes. Alpha ferrite, spheroidized cementite, and pearlite. 

Fig. 12—Sample No. 19. Isothermal transformation temperature 676 C (1250 F), Time 
1 second. Pearlite and martensite. 


Fig. 13—Sample No. 110. Isothermal transformation temperature 676C (1250 F), 


Time 3 seconds. Pearlite and martensite. 


Fig. 14—Sample No. I11. Isothermal transformation temperature 676 C (1250 FP) 


Time 6 seconds. Pearlite and martensite. 
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Fig. 15—Sample No. 112. Isothermal transformation temperature 676C (1250 F), 
Time 8 seconds. Pearlite and martensite. 


Fig. 16—Sample No. 113. Isothermal transformation temperature 676C (!250F), 
Time 10 seconds. Pearlite and martensite. 


Fig. 17—Sample No. IS. Isothermal transformation temperature 676 C (1250 F), Time 
20 seconds. Pearlite. 


Fig. 18—Sample No. 166. Isothermal transformation temperature 353 C (670 F), Time 
130 seconds. Bainite and martensite. 
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prepared for isothermal transformation studies of austenite decompo- 
sition were all carburized in ordinary hardwood charcoal. Samples 
carburized in this manner tend to reach what one might easily consider 
a maximum carbon content. For example, at 925 C (1700 F) a 0.15- 
gram sample of carbonyl iron “L” pressed at 25,000 psi will reach an 
average carbon content of 1.25% carbon after 50 hours’ carburizing 
time. The rate of carbon pick-up is slow after about an hour at tem- 
perature. On the other hand, the carbon absorption is very rapid and 
reaches high values when energized charcoal is used. 

In these experiments sodium carbonate was used as an energizer. 
The energized charcoal was prepared by first dissolving Na,CO, in 
an amount of water just sufficient to dampen thoroughly the quantity 
of charcoal used. The amount of energizer added was equal to 10% 
of the weight of the charcoal. The moistened charcoal after thorough 
mixing was dried at 150C (300 F). After drying it was used in a 
double carburizing tube exactly as in previous studies with ordinary 
hardwood charcoal. 

It was found that with energized charcoal carburizing proceeds 
very rapidly to extremely high carbon contents and that carbon absorp- 
tion in appreciable amounts may occur at low temperatures. 

Carbon absorption was followed primarily by weight changes 
and supplemented with microscopic examination and chemical analysis. 
Table II shows some of the results of energized charcoal studies on 
carbonyl iron “L”, electrolytic iron (as plated), ingot iron, tungsten 
powder compacts, and titanium powder compacts. The carbonyl iron 
“L” compacts weighed on the order of 0.2 gram and were % inch in 
diameter. The specimens of electrolytic iron varied in thickness and in 
shape and as a result there is a fair variation in average percentage 
weight increase. The tungsten and titanium powders were pressed as 
received from the manufacturers. They were not checked for oxygen 
or moisture contents. It is very likely, therefore, that the actual carbon 
contents are higher than the values listed as percentage weight increases. 

In order to gain a clearer picture of the significance of the per- 
centage weight increase, it may be stated that for short carburizing 
times and in cases where the temperature is low this percentage value 
may be at variance with the actual carbon content. For example, samples 
Nos. 3 and 4 of Table II showed an actual carbon analysis of 5.5% 
carbon. Further, sample No. 27 after pressing weighed 0.19525 gram 
and after carburizing weighed 0.19659 gram. This sample was then 
heated to 1065 C (1950F) for 10 minutes in the neutral nitrogen 








638 TRANSACTIONS OF THE A. S. M. Vol. 38 


atmosphere referred to earlier. The final weight was 0.19638 gram. 
If it is assumed that the oxygen leaves as carbon monoxide, then the 
final carbon content of the compact is about 0.58% and the carbon 
picked up in carburizing is 0.62%. These values are based on the 
assumption that there is no oxygen present in the original powder. 
Both values should probably be about 0.07% higher. In another ex- 
periment the following data were obtained when carbonyl iron “L” 
was carburized with energizer at 650 C (1200 F) for 2 hours: 


Weight after N: 
Atmosphere Heating at 


Sample Weight after Pressing Weight after 1010 C (1850 F ) for 
No. at 3000 ke. Carburizing 14 Hour 
a. 0.80732 0.80885 0.80732 
b. 0.17165 0.17208 0.17191 
c. 0.16547 0.16593 0.16578 


Estimated 
Percentage Weight Increase Percentage Weight Increase Percentage 


after Carburizing after Homogenization Carbon 
a. 0.17 0 0.07 
b. 0.25 0.15 0.26 
c. 0.27 0.19 ().29 


It may be noted that the larger compact, more loosely pressed 
because of lack of hydrostatic conditions in the powder mass, showed 
little permanent gain in carbon because of the greater quantities of 
oxygen absorbed along with the carbon. Samples 28 and 29 of Table II 
also showed no permanent weight gains. Yet after carburizing, the 
presence of carbide was ascertained by microscopic examination. 

In contrast with shorter times and lower temperatures are the 
results at somewhat higher temperatures and especially at longer times. 
Sample No. 19 of Table II when heated at 1040 C (1905 F) showed 
no greater weight loss than experienced with the samples homogenized 
for isothermal transformation studies and also gave a microstructure 
of cementite and pearlite. 

In Table II a number of values are shown of carbon contents in 
a range of 5 to 15%. It appears that the carbon is first picked up in 
solution in the gamma ferrite at higher temperatures, then precipitated 
as Fe,C which then decomposes to give graphite. At lower tempera- 
tures, say 650C (1200 F), the carbide appears to be stable even in 
contents of 6.35% carbon. Incidentally this material, as one would 
expect, is very hard and cuts glass readily. 

At this time it might be of interest to show what happens, using 
energized charcoal, below the temperatures listed in Table II. The 
following data listed in Table III were obtained: 
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Pressing Carburizing 
Sample Pressure Temperature Time Percentage Weight 
No. (Psi) Cc F (Hours) Increase 
Carbony!] Iron “L” 
1 23,000 925 1697 0.34 5.55 
2 23,000 925 1697 0.34 5.82 
3 23,000 925 1697 0.50 6.20 
4 23,000 925 1697 0.50 6.45 
5 9,000 925 1697 0.50 7.50 
6 138,000 925 1697 22.5 3.00 
7 138,000 925 1697 22.5 3.18 
x 23,000 925 1697 22.5 10.4 
9 23,000 925 1697 22-5 12.0 
10 9,000 925 1697 22.5 15.3 
i1 9,000 925 1697 22.5 14.6 
12 138,000 850 1562 23.0 2.07 
13 138,000 850 1562 23.0 2.40 
14 138,000 850 1562 23.0 2.30 
15 138,000 850 1562 23.0 2.80 
16 69,000 850 1562 23.0 3.80 
17 69,000 850 1562 23.0 3.62 
i8 138,000 660 1220 25.8 2.70 
19 138,000 660 1220 25.8 2.71 
20 46,000 660 1220 25.8 6.12 
21 46,000 660 1220 25.8 6.12 
22 138,000 650 1202 35.8 3.19 
23 138,000 650 1202 35.8 3.28 
24 46,000 650 1202 35.8 6.36 
25 46,000 650 1202 35.8 6.34 
26 138,000 595 1103 41.0 0.69 
27 138,000 595 1103 41.0 0.68 
28 138,000 585 1085 16 0.10 
29 138,000 585 1085 16 0.07 
Electrolytic Iron (As Plated—Thin Sheet) 
Analysis (C 0.006%, Mn <0.001%, S 0.006%, Si 0.002%, P <0.002%) 
30 bee We 925 1697 24.9 3.56 
31 oeaan 925 1697 22.5 3.14 
32 ; 925 1697 aaoe 3.40 
33 a 925 1697 22.5 2.36 
Ingot Iron (Thin Piece) 
Analysis (C 0.010%, Mn 0.013%, S 0.022%, Si 0.001%, P 0.005%) 
ee. ie ae 925 1697 22.5 4.80 
Tungsten Powder 
35 46,000 995 1823 21.0 4.07 
36 46,000 995 1823 21.0 4.19 
Titanium Powder 
37 46,000 995 1823 21.0 23.0 
38 46,000 995 1823 21.0 22.3 
Table Ill 
Pressing Carburizing 
Sample Pressure Temperature Time Percentage Weight 
No. (Psi) Cc : (Hours) Increase 
Carbonyl] Iron “L”’ 
1 138,000 540 1004 60 1.43 
2 138,000 540 1004 60 1.43 
3 138,000 540 1004 60 1.35 
4 138,000 540 1004 60 1.53 
5 46,000 540 1004 60 7.03 
6 46,000 540 1004 60 7.05 
7 46,000 540 1004 60 6.75 
8 46,000 540 1004 60 6.85 
9 23,000 540 1004 60 10.27 
10 23,000 540 1004 60 10.37 
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Fig. 19—Sample No. 179. Isothermal transformation temperature 244 C (470 F), Time 
15 minutes. Bainite and martensite. 

Fig. 20—Sample No. Ii. Quenching temperature 242C (468 F), Time 13 seconds. 
Tempering temperature 270 C (518 F), Time 10 seconds. Tempered and untempered mar- 
tensite. 

Fig. 21—Sample No. I45. Quenching temperature 175 C (347 F), Time 10 seconds. 
Tempering temperature 283 C (541 F), Time 5 seconds. Tempered and untempered mar- 
tensite. 

Fig. 22—Sample No. 147. Quenching temperature 126C (260 F), Time 10 seconds. 
Tempering temperature 282 C (S40 F), Time 5 seconds. Tempered and untempered mar- 
tensite. 
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Samples 2, 3, 5 and 6 were analyzed for carbon chemically and 
showed none. Further, sample No. 4 after being heated at 1040C 
(1905 F) for 1.5 hours showed a weight loss of but 0.00008 gram. 
Microscopic examination revealed no carbon, but instead showed iron 
oxide dispersed in a matrix of alpha ferrite. It is quite obvious that 
oxidation has taken place preferentially. From experiments performed 
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Fig. 23—Plot of Data for Reactions [2] and [4] From Table IV. 


it appears that oxidation occurs definitely under the pack carburizing 
conditions maintained when the temperature is 565 C (1050 F) and 
carburization occurs definitely at 585 C (1085 F). These values hold 
when Na,CO, energizer is used. When ordinary hardwood charcoal 
(on 200 through 150 mesh) without energizer intentionally added is 
used, then even at 650C (1200 F) there is no carburization but in- 
stead oxidation occurs. 

In Table IV are summarized the equilibrium constants for a 
series of reactions and in Fig. 23 is a plot of data for reactions 2 and 4. 
Data for 4 is given at 0.2 and 1 atmosphere pressure. From this data 
one might well expect results such as have been obtained. It shows that 
a temperature would be expected at which oxidation occurs prefer- 
entially. Not enough information, unfortunately, exists to ascertain 
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Table IV 
Equilibrium Constants for Reactions 1 to 5* 
P P aw p2 p2 
He, co H, CO, co H, 
¢*C t«°F E= K, = ——- Ks = ——————_ K, = ———— = —— 
P P x P P P 
H,O CO, H,O co CO, CH, 
400 752 9.12* 0.74* 12.3 9 X10°5 5.66 X 10°? 
450 842 6.38* 0.86* 7.38 7.3 X 10-4 0.164 
500 932 4.68* 0.96* 4.88 4.7 X 10-8 0.422 
550 1022 3.53* 1.03* 3.45 0.023 0.977 
600 1112 2.99 1.17 2.55 0.096 2.09 
650 1202 2.65 1.35 1,96 0.343 3.92 
700 1292 2.38 1.53 1,56 1.06 7.16 
750 1382 2.17 1.72 1.27 2.96 12.3 
800 1472 2.00 1.90 1.05 7.48 20.1 
850 1562 1.84 2.07 0.891 17.46 31.8 
900 1652 1.72 2.24 0.765 37.76 48.3 
950 1742 1.61 2.41 0.668 76.70 71.0 
1000 1832 1.51 2.57 0.589 146.5 102.4 
1050 1922 1.44 2.72 0.527 264.0 141.2 
1100 2012 1,37 2.88 0.474 463.4 192.0 
1150 2102 1,31 3.03 0.433 767.4 256.0 
1200 2192 1.26 3.21 0.395 1244 335.0 
1250 2282 1.22 3.36 0.363 1945 431.5 
1.18 3.49 0.339 2951 547.0 


1300 2372 


*Stable oxide at this temperature ,is FesQ0,, not FeO; the equilibrium constants so 
marked are not so accurate as the others. 


*[1] Fe -+H,O = FeO+H [4] C+CO.=2C0 
[2] Fe + COs = FeO + CO [s] CH, = C+ 2He 
[3] CO + HO = COs + He 

See Reference 21. 


whether the introduction of the energizer shifts the CO concentration 
or whether it serves to shift the pressure of CO + CO, to a lower 
value. As a result no explanation is offered for the fact that oxidation 
occurs even at 650C (1200 F) when no Na,CO, energizer is used. 
See Fig. 27. It might also be remembered that the constants for 
equation 4 are for carbon as graphite and not amorphous carbon. 

One experiment conducted on carbonyl iron “L” showed that in 
16 hours at 925 C (1700 F) a carbon content of 1.20% was reached 
in ordinary hardwood charcoal while under the same conditions of 
time and temperature but 0.69% carbon resulted in using pure finely 
divided graphite. This too may be a condition of rate of absorption 
rather than CO concentration maintained. Along these same lines 
differences were apparent in using charcoal of varying mesh. For 
example, carbonyl iron “L” was carburized 51 hours at 925 C (1700 F) 
in 5 to 8-mesh charcoal (no energizer) and another set of samples 
were carburized in 200-mesh charcoal (no energizer other than the 
ash of the charcoal). The coarse charcoal run yielded samples of 
0.95% carbon, while the fine material gave 1.20% carbon. Again it is 
difficult to draw conclusions. 

Microscopic studies revealed a number of interesting structures 
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Fig 24—Sample No. 26, Table II, Laboratory No. 25. Alpha ferrite and cementite. 
Carburized at 595 C (1105 F) for 41 hours in Na2CO8 energized hardwood charcoal. 

Fig. 25—-Sample Ne. 1, Table III, Laboratory No. 31a. Iron oxide and alpha ferrite 
“Carburized”’ at 540 C (1005 F) for 60 hours in Na2COs energized hardwood charcoal. 

Fig. 26—Sample No. 4, Table III, Laboratory Sample No. 43. Iron oxide and alpha 
ferrite. “‘Carburized”™ at 540 C (1005 F) for 60 hours in Na2CO3 energized hardwood charcoal 
then heated to 1040 C (1904 F) for 1% hours in nitrogen atmosphere. 

Fig. 27—Laboratory No. 23. Iron oxide and alpha ferrite. ‘“Carburized"’ at 650 C 
(1200 F) for 16 hours in hardwood charcoal without Na2CO3 energizer added, then the sample 
was heated to 1000 C (1830 F) for 30 minutes in the nitrogen atmosphere. 
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Fig. 28—Sample No. 22, Table II, Laboratory No. 18. Cementite and alpha ferrite. 
Carburized at 650 C (1200 F) for 35.8 hours in Na2COs energized hardwood charcoal. 

Fig. 29—Sample No. 31, Table II, Laboratory No. 76. Cementite and pearlite. Elec- 
Gatees Hen carburized at 925 C (1700 F) for 22% hours in Na2COs energized hardwood 
charcoal. 


resulting from these carburizing studies. These are shown in Figs. 
24 to 29. 

Carburizing Studies in Hardwood Charcoal—In addition to 
studies on energized choarcoal some data were obtained on carbon 
absorption rates in ordinary hardwood charcoal. Fig. 30 shows the 
results for carburizing 0.2-gram samples of carbonyl iron “L” at 
925 C (1700 F). The samples were pressed at 138,000 psi. The value 
of 1.22 percentage weight increase for 3000 minutes is equivalent to 
about 1.29% carbon. Fig. 31 illustrates the differences caused by a 
variation in pressing pressures used for compacting the carbonyl iron 
“L” over relatively short-time carburizing periods. For lower pressing 
pressures there is a much more rapid weight gain. This is caused by 
oxidation combined with subsequent carburization and as a result the 
curve goes through a maximum. At the higher pressing pressures no 
maximum is evident because the oxidation rate is decreased by the 
more compact powder. Because of the oxidation possible in pack 
carburizing as the mass is being heated, it would seem much more 
practicable normally to use gas carburizing procedures where the 
compressed powder samples are introduced into the hot zone without 
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a great temperature lag. If long-time carburizing is not objectionable, 
as was the case in samples prepared for the austenite decomposition 
studies, the pack carburizing procedure is excellent for preparation of 
pure steel of controlled carbon content. It was easier with limited 
facilities to prepare pure steels of controlled carbon content by this 


Table V 





Pressing Pressure (Psi) Percentage Weight Increase 
23,000 1.61 
46,000 1.38 
69,000 1.27 
92,000 1.15 
115,000 0.96 
138,000 0.80 
Time at 925 C (1700 F) was 20 Minutes 
Pressing Pressure (Psi) Percentage Weight Increase 
23,000 1.05 
46,000 1.06 
69,000 1.02 
92,000 1.03 
115,000 1.01 
138,000 0.96 


Time at 925 C (1700 F) was 140 Minutes 


method than by gas carburizing or by mixing graphite and iron followed 
by subsequent heating to form austenite. 

In 20 and 140 minutes at temperature under conditions shown in 
Fig. 31 the percentage weight increase varied with pressing pressure 
as shown in Table V. 

In comparing Figs. 30 and 31 one may at first thought believe that 
they are in conflict. In 30 minutes at temperature the weight increase 
shown in Fig. 30 is 0.52% while in Fig. 31 it is given as 0.84%. These 
values are not in conflict when one considers that in the coarser char- 
coal the 0.84% weight increase is actually due to a greater quantity of 
oxide whereas the 0.52% weight change is more nearly the actual 
carbon content. 

Maximum Carbon Content of Carburized Cases—Some investi- 
gators believe that the maximum carbon content of carburized cases is 
limited by the Ac.m temperature in the iron-iron carbide constitutional 
diagram when the carbon monoxide content is sufficient to permit 
going to that high a carbon content. Recently consideration has 
been given to this problem by Floyd E. Harris (22) and Sidney 
Breitbart (23). 

Most certainly this is not the case when Na,CO, energizer is 
used, as has been shown, but when it is not intentionally used there 
might be some question. Many samples carburized at 925 C (1700 F) 
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Fig. 31—-Graph Showing the Results for Carburizing 0.2- 
ram Samples of Carbonyl Iren “L”’ at 925C (1700 F). 


in hardwood charcoal show that after long times (60 hours) on lightly 
pressed samples the carbon content is 1.3% at most. The value usually 
given for the Acg, at 925 C (1700 F) is about 0.1% less. At 1065 C 
(1950 F) values as high as 2.3% were obtained after 40 hours at the 
carburizing temperature. The Acc given at 1065 C (1950 F) is close 
to 1.55% carbon. At 800C (1470 F) in hardwood charcoal (on 200 
through 150 mesh) the following carbon contents were reached: 


Pressing Pressure 


(psi) Percentage Carbon 
138,000 0.90 
138,000 0.91 

46,000 0.90 

46,000 0.90 

23,000 0.90 

23,000 0.91 


At 800 C (1470 F) equilibrium data show that the Ac. value would 
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not be reached. The carbon content would be limited to about 0.65% 
carbon. The data at 800 C (1470 F) show that the less dense compacts 
do not reach unusually high carbon contents. 

Perhaps not enough data are available, but there seems to be no 
definite theoretical reason why the carbon content should be limited to 
the Acem temperature. It would seem more logical to expect precipi- 
tation of Fe,C as a second phase. 

Carburizing of Electrolytic and Hydrogen-Reduced Iron Pow- 
ders—Electrolytic iron powder and hydrogen-reduced iron powder of 
the following analyses were given a hydrogen treatment at 260 C 
(500 F) for 24 hours. This treatment was similar to the one given the 
carbonyl iron “L” used for all other studies. 

Hydrogen-Reduced 


Electrolytic Iron (annealed ) Iron Powder 
Total Iron 99.50% 
Copper 0.01 Total Iron 99% minimum 
Silica 0.02 Carbon 0.04 
Manganese 0.027 Manganese 0.18 
Zinc 0.090 
Nickel None 
Sulphur 0.001 
Phosphorus 0.002 
Free Carbon 0.005 
Oxygen -- 


After the hydrogen treatment these powders were pressed and 
carburized along with carbonyl iron “L’’. Weight changes were: 


Pressing Pressure 138,000 psi 
Carburizing Temperature 816C (1500 F) 
Time 22 hours 
Carburizing Medium Hardwood Charcoal 
Percentage Weight Change 
Carbonyl Iron “L” 0.77% 
Electrolytic Iron 0.52% 
Hydrogen-Reduced Iron 0.93% Loss 


It was quite evident that the loss in weight encountered was with 
the hydrogen-reduced iron caused by the presence of the oxide in the 
powder. Microstructures prepared of all of them showed an estimate 
of eutectoid carbon content. A fair guess is that all were about 0.85% 
carbon. In an endeavor to gain some concept of the oxygen contents of 
these various powders they. were run “as-received” in compressed 
form (46,000 psi) at 1095 C (2000 F). The loss in hydrogen (not 
necessarily all oxygen) after 25 hours was: 

Carbonyl Iron “L” 0.04% 


Electrolytic Iron 0.70% 
Hydrogen-Reduced Iron 1.92% 
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The time of 25 hours was split into three periods to determine 
that a constant weight had been reached. The percentage losses varied 
with time as follows: 

7-———Hydrogen Loss 


After After After 

11.5hours 15 hours 25 hours 
Carbony! Iron “L” 0.04 0.04 0.04 
Electrolytic Iron 0.56 0.70 0.70 
Hydrogen-Reduced Iron 1.88 1.92 1.92 


This indicates that under these conditions the oxygen removal is slower 
with the electrolytic iron than with the hydrogen-reduced iron, which 
has a greater oxygen content. This is-also evident when one compares 
the losses in hydrogen and the percentage weight changes. By adding 
these values algebraically and considering that the 0.04% carbon in 
the hydrogen-reduced iron is lost during the hydrogen treatment and 
present in the original powder, the percentage weight changes in the 
previous carburizing experiment should have been: 


Creme Es 8g wk ct te ee ee Se 

ElectrolyticIron . resets. ae 

Hydrogen-Reduced Re gr CaS at 1.07% 
instead of 

Oe Sp ee Rea bee of 

ElectrolyticIron .. ji het ee 

Hydrogen- Reduced Rite 62 — 0.93% 


The above calculations are made assuming the eal carbon content of 
the compact to be 0.85%. The significant point is that 0.37% oxygen 
remains in the electrolytic iron powder compacts as compared to 
0.14% in the hydrogen-reduced powder compacts. 

Another set of all three type irons were carburized for 36 hours at 
815 C (1500 F) in hardwood charcoal (on 150 through 100 mesh). 
The samples were pressed at 138,000 psi. After carburizing, the com- 
pacts were homogenized at 1100C (2010 F) for 55 minutes in the 
nitrogen atmosphere. Results were as follows: 


Weight Percentage Weight Percentage 

Gain As Carburized Loss in Homogenization 
Carbonyl Iron “L” 0.75 0.06 
Electrolytic Iron 0.32 0.39 
Hydrogen-Reduced Iron — 1.05 0.23 


These results confirm what has been stated previously; namely, 
that in spite of higher oxygen content initially present in the hydrogen- 
reduced powder, more of the oxide is reduced in carburizing. This is 
true for the conditions under which these experiments were performed, 
and may not be general. This fact, if generally true, would be of marked 
importance in any steels made by carburizing methods because if they 
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were to be heat treated they would decarburize when austenitized. 
This, of course, would result in poor control of the properties of the 
product. 

When samples of all three type powders were compacted at 
46,000 psi, reduced in hydrogen for 25 hours at 1100C (2010F), 
then carburized'at 815 C (1500 F) for 36 hours in hardwood charcoal 
(on 150 through 100 mesh), they gave weight percentage increases of 


Carbonyl Iron “L” 0.76% 
Electrolytic [ron 0.78 
Hydrogen-Reduced Iron 0.78 


These might be considered essentially the same. This is but a limited 
amount of work along these lines but nevertheless again indicates a 
definite trend. 


CONCLUSIONS 


The more important conclusions reached in making this study 
are that: 

1. Very pure steels may be prepared by pack carburizing a high 
purity iron such as carbonyl iron “L”. 

2. Pure steels made from powder without going into the liquid 
state have austenite transformation characteristics which do not differ 
markedly from those found in comparable steels made by utilization of 
the liquid phase. This is considered by the author a significant contri- 
bution toward establishing the thesis that by either method products 
may be produced, without too much difficulty, that are equivalent with 
respect to composition and grain structure. 

3. Sodium carbonate used as an energizer alters markedly the 
quantity of carbon absorbed in carburizing carbonyl iron “L”’ compacts. 

4. Carbon absorption may take place with sodium carbonate 
energized hardwood charcoal at temperatures as low as 585 C (1085 F). 

5. The oxide content of iron powders is an important factor to 
consider in the preparation of steels by carburization, particularly those 
which may be subjected to heat treatment to gain high strengths. 

Since it was possible to produce a high grade steel it would seem 
relatively simple, in further work, to study the influence of the intro- 
duction of even small quantities of other elements and compounds into 
the powder compacts. With a high purity product it may be possible 
to show, for example, whether cobalt actually does increase the rate 
of austenite decomposition in steels and what the mechanism may be. 
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To illustrate further, a more careful grain growth study could be con- 
ducted on steels to show more precisely the influence of various com- 
pounds such as aluminum oxide on grain growth phenomena. An oppor- 
tunity exists immediately for securing data to learn how energizers 
function in carburizing iron and steel. This study might well begin by 
employing other compounds as energizers. Uncovering some of the 
secrets in nature is always difficult but it is sincerely believed that with 
respect to the metallic state the job may be made much easier through 
the use of metal powders. 
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DISCUSSION 











Written Discussion: By F. V. Lenel, Moraine Products Division, 
General Motors Corp., Dayton, Ohio. 

Dr. Kahles’ paper is a welcome addition to the literature on iron and 
steel powder metallurgy. Most investigations in this field have been concerned 
with practical aspects of making parts from powder rather than the scientific 
basis of the new art. Any paper which treats the fundamentals of powder 
metallurgy must, therefore, be hailed as a pioneering effort in the hope that 
it will stimulate further work in the field. The technique of isothermal trans- 
formation has been of great value in shedding light on the theory of the heat 
treatment of steel and it is gratifying to see the author apply it to a steel made 
from powder. His results are represented in the form of the time-tempera- 
ture-transformation diagram of an 0.87% carbon steel made by carburizing 
carbony! iron. 

Unfortunately no data, which are directly comparable with those presented 
in this paper, on the transformation characteristics of high purity iron-carbon 
alloys made by melting have been published, and none have been supplied 
in this paper. It is, therefore, not possible to decide, on the basis of this 
study, whether small differences exist, which may be due to difference in 
grain boundary conditions, in the transformation behavior of steels from powder 
and conventional steels. 


The author’s generalized conclusion that the two types of steel do not 
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differ markedly in their transformation characteristics cannot be considered as 
particularly new, since the equivalency of steels made from powder has been 
rather conclusively proven by the work of Offermann, Buchholtz and Schulz.’ 

The additional data on the carburizing of iron powder compacts are of 
interest, but it is felt that their value could have been greatly increased by a 
more systematic presentation and evaluation of the data with respect to the 
various factors which determine the carbon absorption of the compacts. 

With regard to the individual sections of Dr. Kahles’ paper, the following 
comments are offered: 

In the section on “The Powder Metallurgy of Steel”, Dr. Kahles discusses 
the various methods for producing steel from powders. There seem to exist 
two fundamentally different methods of introducing the desired amount of 
carbon into the steel. One method would be to make compacts of straight 
iron powder and introduce the carbon during sintering; in other words, sinter 
and carburize simultaneously. Kalischer® has discussed the advantages and 
disadvantages of the method with respect to gas carburizing. He points out 
that it is much easier to prepare material with a high carbon case and a 
low carbon core, than to prepare material with a homogeneous carbon content 
throughout by this method of simultaneous sintering and gas carburizing. 
For the latter purpose Kalischer advocates‘ using a carefully balanced gas 
atmosphere of hydrogen, nitrogen, carbon monoxide and small amounts of 
methane and water vapor which would be in exact equilibrium with a steel 
of the desired carbon content at the sintering temperature. This is a very 
intriguing possibility, but whether the necessary exacting process control would 
be commercially feasible remains doubtful. Dr. Kahles’ method of making 
homogeneous iron-carbon alloys by simultaneous sintering and carburizing in 
hardwood charcoal is, of course, applicable only to very small pieces, such as 
his samples which are approximately ws inch thick. Larger pieces which are 
sintered in solid carburizing compounds would have a case and core structure 
such as Margolies’ showed and homogenization would be virtually impossible, 
at least under commercial conditions. 

The other method would be to introduce the carbon into the powder 
mixture before compacting. This may be done by mixing with the iron powder 
elemental carbon in the form of graphite, carbon black, etc., or iron carbides 
in the form of cast iron powder or high carbon ferro-alloy powder, or it may 
be done by compacting an iron-carbon alloy powder, in other words, a steel 
powder. Most commercial sintered iron-carbon alloys are made by mixing 
graphite with the iron powder. 

Dr. Kahles emphasizes that iron powders which are used for such alloys 
should have negligible oxygen or at least uniform oxygen content. The im- 
portance of the oxide content of iron powders has long been recognized by 
iron powder producers and consumers. The so-called hydrogen loss, i.e., loss 


in weight of the iron powder when heated in hydrogen under certain standard 
2E. K. Offermann, H. Buchholtz and E. H. Schulz, Stahl und Eisen, Vol. 56, Septem- 
ber 1936, p. 1132-1138. 
*P, R. Kalischer, Iron Age, February 5 and February 13, 1942. 
*U. S. Patent 2,333,573, November 2, 1943. 
5A. S. Margolies, Iron Age, February 28, 1946. 
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conditions,* is an important item in most iron powder specifications. By 
proper control of hydrogen loss and graphite additions, it is possible to hold 
the carbon content of eutectoid iron-carbon powder alloys made of reduced 
iron powder and graphite fairly constant in large-scale production. 

At the end of the section on “Production of Steel Compacts by Car- 
burizing”’, Dr. Kahles discusses the purity of his alloys; no figures are shown 
for either oxygen or nitrogen. Some doubt remains whether all the oxygen, 
which was doubtlessly introduced in the alloys during the carburizing treat- 
ment in charcoal, was removed during the homogenizing treatment in nitrogen. 

In his TTT-diagram, Dr. Kahles showed that in the temperature range 
near 600C (1110 F) very rapid reaction from austenite to the transformation 
product occurs which confirms the results of Digges* on the hardenability of 
high purity iron-carbon alloys. The hardenability of steels made from powders 
is of considerable practical interest. In this connection it should be remembered 
that there is another factor besides the time-temperature-transformation char- 
acteristics of these steels, which has a bearing on their hardenability. This 
is the fact that steels which are made from powder and are porous have a 
lower heat-conductivity than solid steels—the more porous they are, the lower 
will be their conductivity. Therefore, the cooling rates in such steels at a 
distance from the quenched surface are slower than for solid steels. This 
would make a low density steel from powder even shallower hardening than 
a solid steel having the same time-temperature-transformation characteristics. 
Data on actual hardenability tests, such as the end-quench test of steels made 
from powder, would therefore be of interest. 

A possible explanation is offered to Dr. Kahles’ data on the carburization 
and the hydrogen-reduced iron powder compacts. Both types of compacts were 
pressed with the same pressure—138,000 psi in the carburizing experiments, 
46,000 psi in the reducing experiments. Most grades of electrolytic iron 
powder are more compressible than grades of hydrogen-reduced powder. 
In other words, electrolytic iron powder compacts compressed under a given 
pressure will have a higher density than reduced iron powder compacts 
compressed under the same pressure. This higher density may be the reason 
why the electrolytic iron powder compacts are more slowly reduced than the 
hydrogen-reduced iron powder compacts in spite of their lower initial oxygen 
content. It may also be the reason why, under a given carburizing treatment, 
more oxygen is retained in the electrolytic iron powder than in the hydrogen- 
reduced iron powder compacts. 

Written Discussion: By George Stern, metallurgist, American Electro 
Metal Corporation, Yonkers, N. Y. 

The author has presented an interesting theoretical paper but certain 
statements are made and impressions created by inference that require clari- 
fication. 

For one, on page 621, the author says, “Any number of so-called steel parts 
that have been examined microscopically are no more than iron-base parts 
with iron oxide particles distributed in the matrix with little or no carbon 
present”. I should like to call the author’s attention to the many thousands 


®*Tentative Method for Determination of Hydrogen Loss of Iron Powder, Metal Powder 
Association Standard 2-45T. 


'T. G. Digges, Transactions, American Society for Metals, Vol. 27, 1938, p. 408-421. 
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of powder metal steel parts made commercially which have structures very 
similar to normal SAE steels with the one exception of some residual porosity. 
Furthermore, many steel parts are made from electrolytic iron powder and do 
not exhibit any iron oxide inclusions (Reference: “A Study of the Physical 
Properties and Microstructure of Sintered Steel”—George Stern) and exhibit 
a normal steel structure. If the author’s statement were true, powder metal 
steel parts could not be made and heat treated to give tensile strengths ap- 
proaching 150,000 psi, since the material he describes would hardly respond to 
heat treatment. 

In the conclusion the author speaks of future work where “it would seem 
relatively simple to study the influence of the introduction of even small quan- 
tities of other elements and compounds into the powder compacts”. With the 
exception of such elements as carbon and copper, it is difficult to get elements 
such as cobalt, nickel, chromium, tungsten, manganese, etc., to diffuse into 
iron, especially at temperatures in the order of 870C (1600 F) (the carburizing 
temperature used), or even the higher temperature used for homogenization, 
1105 C (2020 F). If work is to be done with these elements in sintered steel, 
temperatures in the order of 1300 C (2370 F) will be required and the atmos- 
phere problem encountered at this temperature is far from simple. 

Although the method of pack carburizing followed by homogenization 
in a nitrogen atmosphere lends itself very nicely to a theoretical study, I 
should like to point out that it is hardly a commercial process. In fairness to 
the author it is not described as such, but some readers of the paper might 
infer it can be used. The method, however, is impractical commercially due 
to the long time required for uniform carbufization (15 hours), the variation 
from piece to piece that would be obtained in a large pack, and the problem 
of homogenizing in a neutral atmosphere. Furthermore, pressures of 138,000 
psi are not commercially feasible and it is simpler to combine iron powder 
with graphite, press, sinter, and coin to make sintered steel parts. 

Written Discussion: By F. E. Harris, furnace engineer, Buick Motor 
Division, General Motors Corp., Flint, Mich. 

Dr. Kahles has presented an interesting paper dealing with iron-carbon 
powder alloys. In the sintering process, various carburizing compounds are 
used and carbon is added simultaneously to the pressed compacts. When sodium 
carbonate is added to the compound, the high carbon content found in the 
compact leads the author to doubt that the Acm line has any practical signifi- 
cance in the problem of carbon addition. 

The Aecm line may not only be theoretically significant, but it also has 
a definite significance in the transfer and flow of carbon. This can be demon- 
strated by a simple experiment. 

Four machined white iron samples of approximately 3.5% carbon are 
used in an atmosphere test at 925C (1700F). A decarburizing atmosphere 
is maintained for 2 hours on all four samples. A carburizing atmosphere is 
then supplied and the samples are removed at the following intervals: No. 1 
after 2 hours, No. 2 after 4 hours, No. 3 after 6 hours, while No. 4 is 
exposed to the carburizing atmosphere for 22 hours. 

Photomicrographs are shown in Fig. A for samples 1 and 4. Two con- 
clusions may be derived from this evidence: 
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Fig. A—-Hypereutectoid Case in Equilibrium with 3.5% Carbon. 5% nital etch. 
(100. Sample 1 (left)—-Decarburized for 2 hours then carburized for 2 hours. Sample 
4 (right)—-Decarburized for 2 hours then carburized for 22 hours. 


A hypereutectoid composition, with a carbon content represented by 


the Acm line is in equilibrium with an austenite-cementite mixture at 
925C (1700F). 


2. The interface between the two phases does not appreciably change, in 


relation to the distance from the steel surface, with time. 


Perhaps we may consider this interface (or surface) as similar in many 
respects to the outside surface which has been exposed in turn to a decarburiz- 
ing, and then a carburizing atmosphere. No appreciable flow of carbon is 
evidenced from the original 3 


, ¢ 


5% carbon core to the 1.35% carbon concentration, 
although these widely different concentrations are in direct contact, inside 
the solid body, for a time period of 20 hours, and at a temperature of 925 C 
(1700 F). Why should we consider this interface as differing from that of 
the outside surface of the specimen? 

When atmospheres are employed at steel surfaces which allow no reactions 
other than those of carbon supply, then we may expect that surface concentra- 
tions of carbon will not exceed those signified by the saturated austenite line. 
A timely paper is presented at this meeting under the title, “Carbon Concen- 
tration Control’.* While it may not be exactly true that perfect commercial 
gas atmospheres are now available, at least it is clear that the equilibrium 
between such mixtures and carbon concentrations at steel surfaces may be 
shown in a practical manner. In this connection, as is to be expected, the 
iron-carbon equilibrium diagram plays an important role. 


SE. G. de Coriolis, O. E. Cullen and Jack Huebler, “Carbon Concentration Control,” 
Transactions, American Society for Metals, Vol. 38, 1947, p. 659. 
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Written Discussion: By Gerard H. Boss, Naval Air Experimental 
Station, Philadelphia Naval Base, Philadelphia. 

This paper presents some interesting quantitative data on the sintering of 
iron powders in carburizing atmospheres. In a recent article,” the writer 
reported some of the results of similar work done under Dr. Schneidewind 
at the University of Michigan. Most of the results of that work, as far as it 
went, are in agreement with the data quoted in the present paper. Not men- 
tioned, in the paper referred to, were some results which at the time seemed 
hard to believe, but which take on some significance after reading the present 
paper. 

The carburizing was done on powder compacts placed in a porcelain 
muffle through which Ann Arbor city gas was passed. The temperatures used 


* 


. 
erst Sts". 
o eT . 





Figs. B and C—Photomicrographs Showing the Modes of Occurrence of the Un- 
combined Carbon. 


were 1120 and 1205C (2050 and 2200F). Due to the rapidity with which 
the compacted powder sintered into nonporous metal at 1205C (2200F), 
the only results quoted are those which were obtained at 1120C (2050F). 
Holding times at temperatures were 1, 2 and 3 hours. 

Large amounts of carbon were picked up during the sintering operation. 
In some pieces it occurred as iron carbide and the compact shrank in volume. 
These were the pieces whose photomicrographs were used by the present 
writer.” However, in others the carbon occurred uncombined, presumably as 
graphite. In some pieces both combined and uncombined carbon occurred to- 
gether. Figs. B and C show the modes of occurrence of the uncombined carbon. 
The plate-shaped masses tended to occur near the surface while the irregular- 
shaped masses occurred in the center. Some of the pieces held at 1120C 
(2050 F) for 3 hours contained so much uncombined carbon that their volume 


®Gerard H. Boss, ““Maximum Carbon in Gas Carburizing,”” Metat Procress, Vol. 50, 
October 1946, p. 657. 
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was increased as much as X 15. Such pieces no longer possessed metallic prop- 
erties. They were so friable that they could be crushed between the fingers and 
would mark paper in the same manner as charcoal. 

When trying to determine what caused graphite to occur instead of carbide 
it seems necessary to consider the source of the carburizing gas. The gas 
used was natural gas, methane, stored over water in the usual city gas tanks. 
Thus water was introduced into the gas and carried over into the mains. It 
follows that variations in the temperature would cause the moisture content 
of the gas to vary. 

Now one assumption of the mechanism of the reactions is that the carbon 
first enters the compact by combining with the iron to form carbide. Then 
graphite is formed whenever the moisture content is in a certain range, where 
its oxygen, and perhaps hydrogen, are able to catalyze the decomposition of 
the carbide. The difficulty with this theory is that in some of the highly 
swollen pieces it would be necessary for carbide to be forming and decom- 
posing at the same time. 

Another mechanism which might account for the uncombined carbon is 
that it is deposited directly from the gas. This would occur whenever the 
moisture content is in a certain range, otherwise it is deposited as carbide. 
This last assumption does not exclude decomposition of carbide but relegates 
it to a secondary position as a cause of the occurrence of the uncombined carbon. 

Either one of these assumed mechanisms is in accord with Dr. Kahles’ 
results as he obtained uncombined carbon in the presence of energizers which 
like the moisture in the gas introduce oxygen into the system. 


Author’s Reply 


F. V. Lenel in his discussion refers to the author’s generalized conclusion 
that the two types of steel do not differ markedly in their transformation char- 
acteristics. The author was referring specifically to the isothermal austenite 
transformation characteristics; these were not established by Offermann, 
Buchholtz and Schulz. As Dr. Lenel has inferred in his second paragraph 
the word, markedly, covers a multitude of sins, because no data are available 
on the isothermal transformation of high purity iron-carbon alloys made by 
melting. These data on carburizing definitely require expansion: It was offered 
at this time for the purpose of gaining further the views and data of others 
who may have had similar experiences. The author’s experience has shown 
that not all iron powder producers and consumers are sufficiently aware of 
oxide control in powders in spite of the Metal Powder Association Standard 
2-45T. The author believes that the oxygen content in the specimens used 
is as low as in steels made by melting because the carbon reacts very 
rapidly with oxide present in the samples and has a good opportunity to reach 
an equilibrium condition. It is believed that the nitrogen content is also as 
low as in the original iron powder because no treatments were given that 
would introduce it. These are opinions and should be checked by oxygen and 
nitrogen analyses. It was substantiated by weight change, as indicated in the 
paper, that no measurable pick-up of nitrogen is experienced in the N:; 
atmosphere used. The author doubts whether the work of T. G. Digges 
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establishes the fact that the most rapid rate of transformation is between 600 
and 650 C (1110 and 1200 F). Mr. Digges selected as the critical cooling rate 
the average cooling rate between 600 and 500C (1110 and 930F). These 
were studies on continuous cooling in contrast to those conducted isothermally. 
The author believes that variations in density may account for variations in 
reduction rates of electrolytic and hydrogen-reduced iron powder compacts 
as suggested by Dr. Lenel. This view in the opinion of the author, however, 
requires experimental confirmation. 

The author is sorry that he gave Mr. Stern the impression that no steel 
parts are made and that all iron powders reveal large quantities of oxide inclu- 
sions. Certainly this is not so, but the fact still remains that the point of 
oxygen control requires more attention by some. Further remarks of Mr. 
Stern are well taken when one considers commercial aspects of powder part 
production but this was not the primary intent of this presentation. It is 
wise, however, to call attention to this as Mr. Lenel and Mr. Stern both have 
done, lest there be confusion. 

The interesting and valuable discussions of F. E. Harris and G. H. 
Boss pertain particularly to the questions of carburizing and show along with 
the author’s data the need for further fundamental work on carburizing. At 
University of Cincinnati metallurgical laboratories further studies are being 
conducted in an effort to explain more precisely what happens during car- 
burizing. 

The author is sincerely grateful for the interest shown by the men who 
discussed this paper and appreciates the aid they have given toward planning 
of future work. 





CARBON CONCENTRATION CONTROL 


By E. G. pe Corrotis, O. E. CULLEN AND Jack HuUEBLER 


Abstract 


The phase rule 1s applied to all the possible gas com- 
positions which might be used in gas carburizing, and 
from the results so obtained the most suitable composi- 
tions and variations thereof for commercial purposes are 
determined. The effects of these compositions on the 
steel are then developed using the conventional iron- 
carbon diagram as a basis. The necessary carbon poten- 
tial, its effect upon steel of varying initial carbon content, 
its limitations as to range of action, and other interrela- 
tionships between the gas and metal are then brought out. 
Empirical information thus gives way to a straightforward 
method, flowing from theory to practice with definite 
and conclusive results. 


EMENTATION of steel is an old art carried out through the 

centuries by packing mild steel articles in solid carbonaceous 
material. These solids at operating temperatures gave off gases 
which became the vehicle for transferring carbon into the metal sur- 
face. Control of the process was largely by empirical means devel- 
oped in the course of time by various practitioners of the art. The 
process is still in existence on a diminishing scale. Control of its 
operation still remains largely empirical. 

Early in this century attempts were made to divorce the opera- 
tion from the heretofore necessary packing material and to carry on 
the cementation wholly by means of carbonaceous gases. This meth- 
od has met with a fair degree of success largely because of the appa- 
ratus used for the purpose. Reference, of course, is to the rotary 
gas carburizer which received acceptance because it incorporated a 
mechanical feature of distinct advantage. It was well known that in 
heating a carbonaceous gas within a retort packed with work there 
would result a heavy deposit of soot. By rotating the retort this 
soot was constantly scoured away from the surface of the work, thus 
exposing it to the cementing action of fresh gas. Since this was a 

A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, E. 
G. de Coriolis is director, O. E. Cullen is metallurgist and Jack Huebler is 


engineer, Research Department, Surface Combustion Corp., Toledo, Ohio. 
Manuscript received July 13, 1946. 
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batch operation, it was a comparatively easy matter to remove the 
soot each time the retort was discharged, thereby eliminating any 
large accumulation. This heavy soot deposit precluded adapting the 
process to continuous production. 

When in the early thirties the first continuous gas carburizer 
was placed on the production line, the process was modified to incor- 
porate an active vehicle gas as well as the carbonaceous gas. Recog- 
nizing that the deposit of soot would have to be removed by chemical 
instead of mechanical means, the vehicle gas was made slightly oxidiz- 
ing to convert the deposited carbon to carbon monoxide which in 
turn would act as a carburizing gas. For the first time there was 
introduced the independent or extraneous generator which could pro- 
duce a vehicle gas of known and constant composition. A measure 
of control was thus introduced into this operation which resulted in 
its adoption by a number of manufacturing plants. It was still, how- 
ever, short of the goal in that a rather close balance existed between 
the condition wherein the vehicle gas was sufficiently oxidizing to the 
deposited soot and that where this gas encountering work surfaces 
already carburized would cause some decarburization. This necessi- 
tated operating on the sooty side which, although greatly minimizing 
soot deposition, would still leave an appreciable accumulation of soot 
within the furnace retort. 

The next important step came with the adoption of the refrac- 
tory-lined furnace heated by radiant tubes. The heavy rates of pro- 
duction required by industry made it uneconomical to continue the 
use of retort furnaces which had to be discarded in favor of the 
larger and more economical radiant tube furnaces. There then arose 
the problem of greatly reducing or completely eliminating the deposi- 
tion of soot within the laboratory of the furnace. This necessity 
arose largely from the fact that heat resisting alloy parts when ex- 
posed at operating temperature to heavy deposits of soot underwent 
disintegration by what came to be known as “carbon corrosion”. It 
was imperative to find some means or method of so controlling the 
process as to make possible operation without the deposition of soot. 

It became evident that if this were to be accomplished a far 
better understanding of the reactions taking place would have to be 
acquired so that the necessary steps could be taken to mitigate this 
evil. The chemistry of gas carburizing was well known and had been 
publicized in numerous writings. Something, however, was lacking 
in its interpretation. As the study progressed, it became evident 
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that many factors heretofore completely ignored were actually of 
prime importance and that if close controls of these factors could be 
established the desired results might be expected. The groundwork 
was then laid for experimentation which confirmed the premises 
previously established theoretically. As a result it is now possible, 
not only in the laboratory but in the field, to accurately control carbon 
concentration. Furthermore, with the equipment now available it is 


possible to carry on these operations with practical absence of carbon 
deposition. 


APPLICATION AND VALUE OF THE PHASE RULE 


The large number of possible reactions in gas carburizing be- 
tween many compounds, together with the changing conditions due 
to the various phase relations of iron and iron carbide, introduce a 
large number of variables. The controlling factors among these 
variables may be reduced to an understandable basis by the applica- 
tion of the classical phase rule. The phase rule is valuable because 
it can be used to show which of these variables need be considered 
and the general relationships which exist between them. An examina- 
tion of gas carburizing from the phase rule standpoint will clearly 
demonstrate the controlling factors in the process. 

The phase rule applies only when a chemical system has attained 
equilibrium and will be freely applied when this condition prevails. 
Homogeneous steel of a given carbon content throughout will be in 
equilibrium with a given combination of gases. Having established 
the equilibrium conditions it will be evident that a change in gas com- 
position will serve to increase or decrease the carbon concentration 
of the steel. It might be well to observe that the term carburizing 
as used in this paper does not necessarily refer to the actual addition 
of carbon to a low carbon steel, but rather to the general relations 
between iron, iron carbide; and a carbon-bearing atmosphere which 
indicates a tendency or potential to carry out such an addition. 


THE PHASE RULE 


The phase rule is the application to certain chemical and physical 
problems of the rule of algebra that the number of independent equa- 
tions in a set of simultaneous equations must be equal to the number 
of variables involved in order that the value of each variable shall 
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be fixed. However, when the number of equations is less than the 
number of variables, the values of some of the variables will not be 
fixed. An evaluation of the number of unfixed variables will greatly 
facilitate understanding of the complexities of gas carburizing as will 
appear later. The phase rule predicts that in an equilibrium system 
the number of such ‘unfixed or independent variables is two greater 
than the number of components minus the number of phases. Three 
of the foregoing terms may require classification and definition. 

1. A phase is any homogeneous portion of matter; such as a 
pure substance, a solution, or a gas. A phase is not necessarily con- 
tained in a single portion but may be dispersed throughout the sys- 
tem. 

2. The number of components in a system under consideration 
is given by the difference between the number of substances com- 
posing the system and the number of independent chemical equations 
expressing their chemical interaction. A correct evaluation of the 
number of components for use in the phase rule is often difficult to 
make. 

3. Since any attempt to give a simple definition of an inde- 
pendent variable would prove unsatisfactory, an example will be used 
to illustrate a three-variable system containing two independent vari- 
ables. Suppose that A, B, and C are variables, which uniquely de- 
scribe a system, and it is known that two of them are independent. 
Then, if A and B are chosen as the independent variables, C will be 
a dependent variable. Under these conditions either A or B may be 
varied at will, the values for A not affecting the values for B. The 
values for C, however, will depend upon the values picked for A 
and B. The choice of A and B as the independent variables is arbi- 
trary. 


APPLICATION TO GAS CARBURIZING 


Gas carburizing may be carried out using a simple mixture of 
CO and CO,. However, this atmosphere is inconvenient to produce 
and control industrially and as a result the usual carburizing gas is 
far more complex, ordinarily containing CO, CO,, H,, H2O, CH,, 
and N,. The analysis and understanding of the controlling factors 
of this process, therefore, involve the consideration of the equilibrium 
of a complex, multicomponent system. The many factors involved, 
therefore, make it difficult to obtain a clear mental picture of the con- 
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Fig. 1—Iron-Iron Carbide Equilibrium Diagram. 


trolling chemical interactions without the guidance of the phase rule. 
To facilitate the understanding of the phase rule method of attack, 
application will first be made to the simple carburizing atmosphere 
consisting of CO and CO, alone, and then followed by application 
to the more complex system actually in use. 

Reference to the iron-iron carbide diagram, Fig. 1, indicates 
that when gas carburizing is carried out without carbon deposition 
there is a total of four phases which must exist in definite combina- 
tions. (If carbon deposition occurs, a fifth phase is added and an- 
other set of conditions must be considered.) The four phases are: 

1. The gas 

2. Ferrite 

3. Austenite 

4. Cementite 
Pearlite and ledeburite are mixtures of the phases listed above. The 
possible combinations of these phases are: (The numbers below 
correspond to the numbers shown on the iron-iron carbide diagram, 
Fig. 1.) 
Gas and ferrite 


Gas, ferrite, and austenite 
Gas and austenite 


NP 
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4. Gas, austenite, and cementite 
5. Gas, ferrite, and cementite 
6. Gas, ferrite, austenite and cementite 


All these combinations, it will be noted, are obtained in practice by 
changing the carbon content and the temperature of any given piece 
of steel. 

The areas represented by numbers 1 and 3 are two-phase sys- 
tems; areas 2, 4, and 5 are three-phase systems, and the line labeled 
6 represents the conditions which constitute a four-phase system. 

In all of the cases above there are only four chemical substances: 
Fe, Fe,C, CO, and COs. These constituents will react chemically 
according to the equation, 


l. 3Fe + 2CO = Fe:C + CO, 


Accordingly, to apply the phase rule, there will be three components 
since there are four compounds and one interconnecting equation. 

The number of independent variables (V) as given by the phase 
rule is, therefore, two more than the number of components (3) 
minus the number of phases (P). Or, 


V=2+3-—-P=5-—P 


When the number of phases is two, there are three independent 
variables (e.g., V —3); when there are three phases V = 2, and 
when there are four phases there is only one possible independent 
variable. 

The total number of variables or the factors necessary to 
uniquely describe the state of the system under consideration are: 


1. The Fe.C: Fe ratio in ferrite 

2. The FesC: Fe ratio in austenite 
3. The CO: CO; ratio in the gas 
4. The temperature of the system 
5. The total pressure of the system 


Attention is directed to the fact that only the ratios of the con- 
stituents appearing in a single phase are variables, although it might 
be supposed that the amount of each substance is a variable. This 
is evident because the total amount of any phase will not alter the 
equilibrium conditions and, therefore, the only information required 
to duplicate or describe a phase is the proportion of the constituents 
of which it is composed. 
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In addition, the Fe,C: Fe ratios in ferrite and austenite are 
actually dependent upon one another. When ferrite and austenite 
exist simultaneously, reference to the iron-iron carbide diagram indi- 
cates that if the Fe,C: Fe ratio for either phase is specified, the 
Fe,C: Fe ratio in the remaining phase is automatically fixed. This 1s 
evident because both of the phases must exist at the same tempera- 
ture and pressure, and the temperature and pressure alone determine 
these ratios. It follows, therefore, that there are only four variables 
required to describe the system uniquely in all cases. 

Combining the foregoing conclusions with the number of inde- 
pendent variables as given above by the phase rule, the following re- 
sults are obtained: 


Number Number of 

of Phases Independent Variables 
a 3 
3 2 
4 l 


Number of 
Dependent Variables 


1 
2 
3 


3efore proceeding with the application of the above, one impor- 
tant fundamental should be emphasized.. The total mass of each of 
the phases has no bearing upon the equilibrium state. Or, in other 
words, if a gas and a solid phase are in equilibrium, changing the 
number of volumes of gas or the pounds of solid will not alter the 
equilibrium state. Likewise, in certain areas (three and four-phase 
areas) of the iron-iron carbide diagram variations of the carbon con- 
centration will serve only to vary the relative quantities of the phases 
present. Accordingly, there will be no change in the chemical com- 
position of any phase, and consequently no change will result jn the 
equilibrium state. 


THE SIMPLE CARBURIZING GAS APPLIED TO 
THE Two-PHASE CASE 


As previously stated there are two two-phase cases: the gas- 
ferrite and gas-austenite systems. The latter is of practical impor- 
tance. In these two areas (1 and 3 in Fig. 1), three of the four 
variables have been shown to be independent leaving only one de- 
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pendent variable. It follows, therefore, that the temperature, pres- 
sure, and the Fe,C: Fe ratio in austenite or in ferrite may be fixed, 
thus allowing the existence of one, and only one, CO: CO, ratio of 
the atmosphere at equilibrium. It should now also be clear that the 
temperature and pressure may be held constant and the Ie,C: Fe 
ratio changed at will, each new value giving a new CO: CO, ratio. 
Furthermore, the total percentage of carbon in the steel in these cases 
will be determined by the Fe,C: Fe ratio, thus making total carbon a 
function of the gas composition for a given temperature and pressure. 
In other words, there exists a one-to-one correspondence between the 
gas composition and the steel composition. That is, each gas com- 
position will be in equilibrium with a distinct steel composition at 
a specified temperature and total gas pressure. Furthermore, varia- 
tion of temperature or pressure will also vary the CO: COs, ratio 
required for equilibrium with a given steel composition. 

As a practical example of the above principles, consider the case 
where steel is to be carburized to exactly 0.50% carbon at 1700 F 
(925 C) and one atmosphere pressure. It follows that there will be 
one CO: COs mixture which will carburize the steel to the desired 
uniform composition of 0.50% carbon, regardless of the length of 
time the steel and gas are held in contact with one another, provided 
sufficient time at 1700 F (925(C) is allowed to attain equilibrium. 
This result is independent of the initial carbon content of the steel. 
Such a process as this may be termed an equilibrium process to 
differentiate it from a time-rate process. A time-rate process would 
be dependent upon the initial steel composition, the carburizing po- 
tential or balance of the gas mixture, and the exact time interval of 
treatment as well as the temperature and pressure. 

The phase rule, then, indicates that a given carbon concentra- 
tion in the austenite phase or in the ferrite phase can be obtained 
through an equilibrium process by proper adjustment of the gas com- 
position for a given temperature and pressure. The actual numerical 
relationships connecting the variables are not predicted by the phase 
rule but may be calculated from existing physical data. 


THE SIMPLE CARBURIZING GAS APPLIED TO THE 
THREE-PHASE CASES 


There are three three-phase cases to be considered, two of which 
are very similar. The similar cases are the gas-austenite-cementite 
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system (area 4 in Fig. 1) and the gas-ferrite-cementite system (area 
5 in Fig. 1). In each of these systems it has been shown that there 
are two independent and two dependent variables. As a result, if 
the temperature and pressure are specified, the compositions of the gas 
and of the austenite or ferrite (in their respective areas) must have 
singular values. That is, there is only one possible CO: COs, ratio 
and only one possible Fe,C: Fe ratio in austenite or in ferrite at a 
given temperature and pressure. In these cases, then, there is a one- 
to-many correspondence between the gas composition and the over- 
all steel composition. That is, one gas mixture may be in equilibrium 
with many steel compositions. This results from the fact that 
Fe,C: Fe ratio in austenite or ferrite in these ranges is not altered by 
the total carbon. Here carbon content merely determines the relative 
amounts of austenite and cementite, or ferrite and cementite. Since 
the equilibrium does not depend upon the amounts of the phases but 
only upon their composition, the CO:CO, ratio is independent of 
carbon concentration. In other words, at a given temperature and 
pressure the one CO: COsz ratio is in equilibrium with all carbon con- 
centrations throughout these two ranges. It, therefore, follows that 
the equilibrium CO: CO, ratio will neither carburize nor decarburize 
the steel, whereas any other ratio will either carburize to pure cement- 
ite or decarburize to austenite or ferrite. The equilibrium gas com- 
positions for these two ranges have been determined experimentally 
and are to be found in the literature pertaining to this subject. 

The remaining three-phase case, which is the gas-ferrite-austen- 
ite equilibrium, has been more or less neglected. Here, as before, the 
phase rule predicts that if the temperature and pressure are specified, 
only one CO: COs ratio may be used, and only one Fe,C: Fe ratio 
exists in ferrite and one in austenite. In this case, a variation of 
total carbon serves only to change the proportions between ferrite 
and austenite and does not, therefore, influence the CO: COs ratio. 
Therefore, for this case also there is only one equilibrium gas com- 
position for each temperature and pressure. 

Usually it is assumed that the equilibrium constants which apply 
for the gas-austenite-cementite range also apply to the gas-austenite- 
ferrite range at equal temperatures. However, if this is true, a dis- 
continuity must necessarily exist between the three-phase ranges 
and the intermediate two-phase gas-austenite range. Such a dis- 
continuity is not probable. The equilibrium constants which apply 
in these two ranges are different as will be demonstrated. 
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THE SIMPLE CARBURIZING GAS APPLIED TO 
THE Four-PHASE CASE 


The line A,-A,,, is of interest because it represents four co- 
existent phases; however, it is not of practical importance. As 
demonstrated above, this four-phase system requires the existence of 
one independent variable and three dependent variables. Since pres- 
sure practically becomes the independent variable, the temperature 
must become invariant. Therefore, the A,-A, , line is a horizontal, 
or constant temperature line, along which there can be only a single 
CO:COQOsz ratio, a single Fe,C: Fe ratio for austenite and a single 
Fe,C: Fe ratio for ferrite, all of these ratios being independent of 
total carbon. 


THE More CompLex GAs SYSTEM 


As generally used, the gas for carburizing contains CH,, H., 
H,O, and N, as well as CO, and CO. The addition of these four 
gases to the equilibrium systems considered above will increase the 
number of constituents by four. The addition will also introduce 
many new possible chemical reactions. However, it can be shown 
that only two new independent reactions are introduced, making three 
reactions in all. Any three independent reactions may be chosen 
from the many possible ones for the purpose of this analysis. The 
following three fulfill the requirements : 

l. 3Fe + 2CO = FesC + CO; 
2. Fe:;C + 2H. = 3Fe + CH, 
3. 3Fe + CO + H;= Fe:C + H:O 

From the previous discussions it is evident that although four 
constituents have been added, no new phases have been introduced, 
but two additional chemical equations appear. Therefore, the num- 
ber of independent variables will be increased by two in each of the 
areas previously discussed with the simple carburizing gas. Since 
there are more than two gases present, the percentage composition of 
each of the gases will be used as the variables describing the gas 
phase of the system. Obviously, therefore, there are four more vari- 
ables required to describe this complex system than were required 
in the simple system previously discussed. The percentages of H,, 
H,O, CH,, CO, and CO,, five in all, will now describe the gas phase 
whereas the CO: CO, ratio was sufficient in the simple case. The 
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percentage of the sixth gas. N,, which is an inert diluent, is deter- 
mined by the other percentages and is, therefore, not a variable. Ac- 
cordingly, the relationships which hold for the complex gas system 
are : 


Number Number of Number of 

of Phases Independent Variables Dependent Variables 
2 5 3 
3 “ + 
4 3 5 


Remembering that neither the number of phases nor the phase 
areas previously discussed have been altered by changing from a sim- 
ple gas to a complex gas, the various areas will again be discussed 
under the new conditions. 


THE ComMpLex GAS APPLIED TO THE TWwo-PHASE CASES 


In the two-phase cases there are five independent variables and 
three dependent variables. Temperature, pressure, H,%, CO%, and 
the Fe,C: Fe ratio in austenite or ferrite will be chosen as the inde- 
pendent variables. Therefore, the values of the dependent variables 
(CO,%, CH,%, and H,O%) wil! be fixed as soon as the values of 
the independent variables have been assigned. 

Because of the large number of variables involved in this system, 
it is convenient and practical to simplify the system by thinking in 
terms of a “basic atmosphere”, that is, an atmosphere which always 
contains constant percentages of CO and H,. The basic atmosphere, 
since it specifies the CO and H, content, actually fixes the value of 
two of the independent variables. Therefore, for a given basic at- 
mosphere at a given temperature and pressure, there will be a one-to- 
one correspondence between the values of the dependent variables 
(CO,.%, CH,%, and H,O%) and the steel composition. Further- 
more, since each value of H,O% (or the dew point of the gas) may 
represent the value of the other dependent variables (CO,% and 
CH,%) at equilibrium, it follows that for a given basic atmosphere 
there will be only one steel composition in equilibrium with a basic 
atmosphere having a given dew point. 


While the artifice of a basic atmosphere is introduced here for 
the sake of simplicity, it is nevertheless a very practical concept as 
will later become apparent. On the basis of adopting a basic atmos- 
phere containing constant percentages of CO and H,, it follows that 
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any carbon concentration in the two-phase ranges may be attained by 
an equilibrium process by proper adjustment of the dew point of the 
gas mixture. It is evident, of course, that the increased number of 
gaseous constituents makes the determination of the dew point values 
required more complex, but the results are easy to apply. 


Tue CompLex GAs APPLIED TO THE THREE-PHASE CASES 


In the three-phase cases there are four independent and four 
dependent variables. Before these cases are analyzed, a point previ- 
ously made should be emphasized; that is, only the temperature and 
pressure determine the Fe,C: Fe ratios in the three-phase systems. 
Accordingly, if the temperature and pressure are chosen as independ- 
ent variables, the Fe,C: Fe ratio for the austenite or ferrite must be 
a dependent variable even though the phase rule allows the choice of 
two additional independent variables. This restriction upon the 
choice of the independent variables is a result of the peculiarity of 
the system. As another example of the latter type of restriction it 
is obvious that equation 1, above, allows the choice of either the 
CO% or the CO,% as an independent variable but not both of them. 
The general results of the phase rule, however, are unaffected by 
such restrictions, since the phase rule only restricts the number of 
independent variables which exist. 

In accordance with the above, the independent variables chosen 
are temperature, pressure, CO%, and H,%. The Fe,C: Fe ratio, 
CO,%, CH,%, and H,O%, therefore, become dependent variables. 
From this it follows, as before, that if a basic atmosphere containing 
constant percentages of CO and H, is assumed there is a one-to-many 
correspondence between the gas composition and the steel composi- 
tion. A given gas mixture will be in equilibrium with a steel of any 
carbon content in these ranges at a given temperature and pressure. 
In addition, if a particular gas mixture is not in equilibrium with the 
steel, it will either carburize to pure cementite, or decarburize to 
ferrite or austenite. 


Tue CompLex GAs APPLIED TO THE FourR-PHASE CASE 


In the four-phase case there are three independent variables and 
five dependent variables. Again, a restriction occurs in the choice of 
independent variables. The temperature at which the four phases 
may co-exist is determined by the pressure. Therefore, the independ- 
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ent variables are chosen as pressure, CO% and H.,%, leaving the 
temperature, Fe,C: Fe ratio, CO,%, CH,%, and H,O% as depend- 
ent variables. Assuming a basic atmosphere all the results of the 
foregoing case apply with the additional temperature restriction. 

Summarizing, it has been shown that in the austenite and in 
the ferrite ranges any desired carbon concentration may be obtained 
by heating the steel in an appropriate atmosphere for sufficient time. 
In these ranges there is a one-to-one correspondence between the gas 
composition and the steel composition. The control of carbon con- 
centration is possible in these areas, and the control may be obtained 
by an equilibrium process. 

In the three and four-phase areas a gas mixture may be in equi- 
librium with the steel, but the gas composition is independent of the 
carbon concentration of the steel. Here there is a one-to-many cor- 
respondence between the gas composition and the steel composition. 
If the gas composition is not such that equilibrium will occur, the 
steel will either be carburized to pure cementite or decarburized into 
a two-phase area. It follows, then, that a change from one concen- 
tration to another in these ranges can only be carried out by a non- 
equilibrium gas mixture utilizing a time-rate process, that 1s, by 
carburizing or decarburizing at a definite rate for a definite time inter- 
val, and then allowing diffusion to occur under equilibrium conditions 
or nonreactive conditions for a predetermined length of time. This 
method may also be applied in the two-phase areas, but with rather 
obvious loss of process control and introduction of numerous diff- 
culties. In this connection it may also be remarked that the rate at 
which carburization or decarburization will occur is a direct function 
of the departure of the gas composition from the equilibrium gas 
composition. 

The foregoing part of this paper has established the possibility 
of accurate control of carbon concentration in austenite. The re- 
inainder will deal with the actual method of carrying out this control. 


CARBON CONCENTRATION CONTROL IN AUSTENITE 


The general theory of carbon control in austenite has been 
known for some time but has not been put into a practical working 
form. It is the purpose of this section to review the theory briefly 
and to expand it by giving the exact details of the elements compris- 
ing such control. 








672 TRANSACTIONS OF THE A. S. M. Vol. 38 


For this purpose the gas will again be considered to be composed 
of CO, CO,, CH,, H., H,O, and N,. As demonstrated in the pre- 
vious section, the two-phase gas-austenite system is chemically de- 
scribed in the state of equilibrium by the following reactions: 


1. 3Fe + 2CO = Fe:C + CO: 
2. Fe;C + 2H: = 3Fe + CH, 
3. 3Fe + CO + H: = FeC + HO 

Of the eight variables, five have been demonstrated to be inde- 
pendent and three dependent. The five independent variables will be 
chosen as temperature, pressure, Fe,C% in austenite, CO%, and 
H,%. Any five appropriate variables describing the system could be 
arbitrarily chosen ; however, these have been chosen with some fore- 
thought. The H,% and CO% were selected in accordance with the 
conception of a basic atmosphere and because they will ordinarily be 
present in comparatively large amounts. Therefore, values may be 
assigned to them which will suffer only minor variations from day 
to day as the atmosphere is used. The pressure, temperature and 
Fe,C% have been selected because they affect all of the primary 
reactions directly, whereas the CO,%, H,O% and CH,% each affect 
but one. Finally, it is much easier to assign possible practical values 
to the selected independent variables to arrive at a practical and pos- 
sible solution. 

It is evident that to establish values for the three dependent vari- 
ables it will be necessary to establish three relationships between 
them and the independent variables. The necessary relationships are 
the equilibrium constants of the above reactions. 









THE EouiLispriuM CONSTANT 


The presentation of the numerical details of carbon control in 
austenite is preceded by sufficient review of the theory to illustrate 
and explain the methods used in reaching the end results. For- 
tunately there are two possible modes of procedure. One is the tech- 
nical derivation which involves the highly technical concepts of free 
energies, activities, and related subject matter. This method, while 
technically most desirable, involves too many abstractions familiar 
only to those who deal with physical chemistry. The development 
consequently will be presented on the basis of a more intuitive argu- 
ment in language more familiar to all. Attention ts directed to the 
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fact that the method of presentation is not intended to argue any 
mechanism of carburization, but is only intended to provide a basis 
for understanding the conditions which must exist when equilibrium 
is attained. 

It is a familiar fact that when two gases A and B react accord- 
ing to the equation, 


4, A+B=C+D 


to form the gases C and D, the reaction will stop when the reactants 
reach definite proportions. At this time all of the gases will still 
exist and will have attained partial pressure values (P) such that 
the expression 


Pox Pp 
(a) P,x Ps 


becomes a constant K.. This constant K is the well known equilibri- 
um constant and has a definite value for a given reaction at each 
temperature. 

When the chemical reaction is a heterogeneous one (that is, when 
the reactants are not all in the same physical state) a simplification 
may usually be made. For example, if substances A and C in the 
reaction above are solids rather than gases, while B and D are gases, 
it is then often valid to omit P, and Pe from the equilibrium expres- 
sion, obtaining the equation: 


Pp 

(b) X= ?P, 
[n fact, the expression is so commonly written in this form that the 
reason P, and Pg may be omitted has become obscure. Py, and Pe 
may usually be omitted because the partial pressure of a solid is con- 
stant at a given temperature when the solid is pure or of unchanging 
composition. In other words, when A and C are pure solids their 
partial pressures remain constant during a reaction even though the 
relative amounts of the two may change. This allows P, and Pe to 
be included in the equilibrium constant K, giving the effective con- 

stant K’ above. 

Ordinarily the partial pressures of the solids are immeasurably 
small, thus making the determination of the true equilibrium constant 
virtually impossible. However, the effective equilibrium constant 
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1500 1600 1700 i800 
Temperature F 


Fig. 2—-The Equiv alent Equilibrium Constant E, for 
the Reaction 3Fe + CH, FesC + 2Hag. 


is easily determined by measuring the partial pressures of the gases 
when the equilibrium state has been attained. 

All of the above has been devoted to the conditions when the 
partial pressures of the solids are constants. However, in the two- 
phase carburizing system under consideration this is not the case. It 
is well known that when one liquid is dissolved in another, each liquid 
has a vapor pressure which is a fraction of what it would be if each 
liquid were in a pure state. This rule holds equally true for solid 
solutions, and in the cases in question Fe,C is in solid solution in the 
iron to form austenite. Therefore, the partial pressures of the solid 
constituents are not constant and must, therefore, be included in the 
expression for the equilibrium constant. 

Furthermore, no great error is ordinarily introduced by assum- 
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ing that the partial vapor pressure of each constituent is directly pro- 
portional to the molar concentration of that constituent in the solu- 
tion. This idealizing assumption is based on the consideration that the 
rate of escape of molecules of one of the constituents from the surface 
of the solution should be proportional to the number of such mole- 
cules present at that surface. Since the rate of escape of molecules 
from the solution determines the vapor pressure, it follows that the 
partial vapor pressure of each constituent is proportional to its mol 
fraction. Saying the same thing in an equation gives 
(c) Pa= yt xP,’ 
where P, is the vapor pressure of A over a solution, 

P,° is the vapor pressure of A as a separate phase, 

N, is the number of molecules of A in solution, 

No is the total number of molecules in. the solution, 

This equation relates to a solution in which A is infinitely solu- 
ble. It is, therefore, not the desired form, because Fe,C is only 
partially soluble in iron. It is apparent, however, that if the mol 
fraction of the substance A is increased until the solubility limit is 
reached, any further increase in the amount of substance A will re- 
sult only in the precipitation of A in the free state. Thus, the par- 
tial pressure of substance A will increase uniformly until it reaches 
the free state value at the limit of solubility. This means that P,° is 
realized when Na, reaches the saturation concentration N,’. Thus, 
equation (c) must be revised to (d) 


Ni 
(d) Pa (is =} x Px’ 


for a solution in which a limited solubility exists. This equation 
states that the vapor pressure of a constituent in solution is equal to 
the vapor pressure of that constituent in the free phase, multiplied 
by the ratio of the mol per cent in solution to the mol per cent possible 
in solution. 

Therefore, in the case of the iron-iron carbide system under con- 
sideration, the vapor pressure of Fe,C is not constant but varies 
according to the equation (d) when its concentration varies below 
the solubility limit. The vapor pressure of the iron also varies with 
its concentration in accordance with the same equation. 

The above theory demonstrates that the partial pressures of 
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Fe,C and Fe must vary with carbon concentration in the austenite 
range. Since these partial pressures appear in the equilibrium ex- 
pression along with the partial pressures of the gaseous constituents, 
it follows that variations of carbon concentration will also cause 
changes in the gas composition required to attain the equilibrium 
state. Therefore, the gas composition ts a function of the steel com- 
position, a result which was previously predicted by the phase rule. 
The equation (d) just derived may now be used to calculate the 
numerical relationships between carbon concentration and the gas 
composition required at equilibrium. 

As an example of such a calculation, equation 2 will be rewritten 
to 


5. 3Fe + CH, = FesC + 2H: 


and the calculation carried through for that reaction. 
The equilibrium constant for reaction 5 is given by the expres- 
sion: 


PFe,C x PH - 
or with arrangement 

PFe3 PH ? 
(f) : 


Prec *"s ~ PCH, 

3 4 
Taking Na, to represent the value of the mol fraction of Fe,C, and 
N,’ as representing the mol fraction of Fe,C at saturation, then the 
corresponding mol fractions of Fe will be (1-N,4) and (1-N,’ 
Introducing equation (d) into equation (e) with this notation, equa- 
tion (g) follows: 


(1-Na)*Na’ (Fre )° PH,’ 
(I-Na‘)NaPFe,c * a PCH, 








(g) 


The expression 


Pre ° 


(h 
PFe°C 





x K, 
will be recognized, however, as the effective equilibrium constant 


K’,, as obtained by experiment under conditions of saturated austen- 
ite by measuring the partial pressure of the gases at equilibrium. 





1947 CARBON CONCENTRATION CONTROL 677 


Introducing the effective equilibrium constant K’,, the expression 
becomes : 








(1-Na)’Na ., PH, 
(i - 2) ‘omg x K i P — = FE 5 
(1-Na) NA CH, 


where E,; may be called the equivalent equilibrium constant. If re- 
actions 1 and 3 are rewritten as 


6. FeC + CO;= 3Fe + 2CO 
7. FesC + H:O = 3Fe + CO + H: 


similar expressions are obtained and are as follows: 


(UNA) NA gs _ C0" 


( ) ( 7, , a = “6 
| (1-Na) Na — CO, 
1! \3nyy P x P. 
1-N N H, C 
(k) ( Na) Na , K. = Ba = E, 
(1-Na) NA H,0 


It is now evident that the equivalent equilibrium constants E 
may be calculated from published data on gas equilibrium. The 
effective constants K’ as mentioned before are given as a function 
of temperature by many experimenters or may be calculated from 
basic physical data. The mol fraction of Fe,C in saturated austenite 
(N’,) may be calculated readily from the iron-iron carbide equilibri- 
um diagram for any desired temperature. The various mol fractions 
of Fe,C in austenite (N,4) may be calculated by assuming any de- 
sired carbon concentration. These calculations have been made for 
the three reactions and the equivalent equilibrium constants have 
been plotted in Figs. 2, 3, and 4. 

It is now evident that if a basic atmosphere is assumed the 
proportions of the remaining constituents of that atmosphere which 
must exist at equilibrium may be computed quite accurately for any 
desired carbon concentration, temperature, and pressure. Although 
there are a great number of atmospheres which might be used to 
carry out this process, an atmosphere containing 40% H, and 20% 
CO will be chosen. This particular atmosphere has the advantage, 
as can be shown, of placing the major control factor, the dew point, 
into its most easily measured and controlled range. 

Inserting these percentages of CO and H, into the equivalent 
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80 The Equivalent Equilibrium 
Constant E¢ for the Reaction 
FesC +CO2 = 3Fe+2CO | 








Temperature in F 


Fig. 3—The Equivalent an Constant E, for 
the Resttle ym Fe;C + CO. = 3Fe + 2CO. 


equilibrium constant equations and assuming the total pressure to be 


one atmosphere, the following expressions are derived: 





3 16 

(l) % CH, = = 
5 

: 4 

(m) % CO, rT 
6 

8 

(n) % H,O=% 


and % x. = Balance of atmosphere 


Using these formulas together with the desired value of E from 
Figs. 2, 3, and 4, the percentages of CH,, CO,, and H,O (or dew 
point) may be calculated. The employment of an atmosphere con- 


NEN Nee meagre ge eee 
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The Equivalent Equilibrium 
Constant E7 for the Reaction 
Fes +He0O = 3Fe+CO+He 











1500 1600 1700 1800 
Temperature in F 
Fig..4—The Equivalent Equilibrium Constant E; for 
the Reaction Fe,;C + H.O 3Fe + CO + Ho. 


taining the percentages of gases as calculated from these formulas 
will give any desired carbon concentration in the austenite range. 


Tue AUSTENITE-FERRITE EQUILIBRIUM CONSTANTS 


It was indicated above that the same equilibrium constants which 
hold for the austenite-cementite area are often falsely assumed to 
hold also for the ferrite-austenite area. It has now been shown that 
the equivalent equilibrium constants in the austenite area vary in a 
continuous manner with the carbon concentration and have either a 
uniformly increasing or decreasing trend. In addition, it was demon- 
strated that the constant which holds for the austenite-cementite 
range holds at the austenite and austenite-cementite boundary. One 
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of two conclusions must follow from this fact. First, the constant 
which applies to the austenite-ferrite area may be the same constant 
which applies to the austenite-cementite area (at the same tempera- 
ture, of course), in which event there must be a sharp discontinuity 
in the equilibrium constant values at the austenite and austenite- 
ferrite boundary. Second, the constant which applies to the austen- 
ite-ferrite area may be the constant which applies to the austenite 
area at the austenite and austenite-ferrite boundary, in which case the 
equilibrium constants for the two three-phase areas would differ 
except at the lower critical temperature. The second conclusion is 
the only possibility. 

As an example, consider a group of steel samples all of differ- 
ent carbon contents which range from zero to’'1.60% and all heated 
to 1500 F (815C). It will now be necessary to find the equivalent 
equilibrium constant for reaction 7 which applies to each different 
piece of steel at 1500 F (815(C). Referring to Figs. 1 and 4 it may 
be seen that any of the steels in the three-phase austenite-cementite 
area require an equivalent constant of 11.2. This includes all steels 
which contain 0.98% carbon or over. The invariant value of the 
equilibrium constant is in accordance with the principle that for the 
three-phase areas the equilibrium is independent of carbon concen 
tration. Each of the steels which have carbon concentrations between 
0.24% and 0.98%, thus placing them in the two-phase austenite area, 
will require single-valued equivalent constants. For example, the 
0.80% carbon steel will require an equivalent constant of 8.7 ; 0.60% 
carbon will require 6.2, and 0.40% carbon will require 3.9. In the 
same manner, the steel which contains 0.24% carbon, thus placing 
it at the austenite and austenite-ferrite boundary, will require the 
still lower equivalent equilibrium constant 2.2 For continuity, then, 
each of the steels which have carbon contents between 0.03% and 
0.24%, thus placing them in the three-phase austenite-ferrite area, 
must require an equivalent equilibrium constant of 2.2 and not the 
11.2 value which holds for the austenite-cementite area. Any steels 
which have carbon concentrations of less than 0.03% will require 
values of the equilibrium constant which are lower than 2.2. The 
steel containing zero carbon (pure iron) will require a constant of 
zero, which is equivalent to restricting the atmosphere to zero CO 
and CH,. 

In closing, a word should be said about the choice of equilibrium 
data used. The iron-iron carbide diagram is adopted from “Alloys 
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of Iron and Carbon”, Vol. 1, by Samuel Epstein. The equilibrium 
constants are not precisely those of any one author as far as it is 


known but represent, rather, average values which experience has 


dictated. Considerable attention was paid to free energy values for 
the constants for reactions 6 and 7, but the values for reaction 5 
which involves CH, clearly represent practical working values, rather 
than true equilibrium. 


CONCLUSION 


The basic phenomena involved in the process of carbon control 
in gas carburizing have been covered in detail. First the factors 
affecting this control, then the effects of these factors in determining 
the equilibrium between gas and steel, and finally the effects of 
changes in both have been analyzed and explained. Despite numer- 
ous complexities in gas compositions and in steel analyses, it has 
been shown that when these are known and properly controlled any 
desired carbon balance can be obtained. That the gas composition is 
a function of the steel composition has been demonstrated conclu- 
sively. 


DISCUSSION 


Written Discussion: By F. E. Harris, furnace engineer, Buick Motor 
Division, General Motors Corp., Flint, Mich. 

The authors are to be complimented on this paper concerning the equilibri- 
um between gaseous mixtures and steel compositions. It is hoped that a sup- 
plementary paper may be written, correlating this data with commercial proc- 
esses. 

The treatment of the three-phase systems may be simplified if the factors 
affecting the diffusion of carbon in steel are considered simultaneously with 
gas-metal equilibria. A discussion concerning the gas-austenite-cementite 
system is given for Dr. Kahles’ paper on sintered iron-carbon alloys. 

The expression “Fe-FesC ratio” becomes rather confusing when consider- 
ing carbon gradients in steel. The concept of Fe:C as the solute in ferrite 
and austenite may satisfy gas-solid equilibria. However, when studying the 
diffusion mechanism in the solid state, it seems necessary to accept carbon, 
not iron carbide, as the solute. 

The supply factors for gaseous media are quite dependent upon the rate 
at which carbon may flow inward from the steel surface at a given time. For 
this reason, it is desirable to correlate equilibria in steel, and the mechanism of 
carbon flow in steel, with the gas-sclid reactions. 

Written Discussion: By T. A. Frischman, chief metallurgist, Eaton 
Manufacturing Company, Axle Division, Cleveland. 

The authors are to be congratulated for undertaking the task of further 
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exploring gas carburizing reactions which continue to be of interest to those 
of us carrying on carburizing and controlled atmosphere heat treating opera- 
tions. The application of the phase rule by the authors to obtain a more 
complete understanding of the controlling factors among the many variables 
encountered in gas carburizing reactions is indeed a unique approach to the 
subject. 

My discussion will not embrace the physical chemistry nor the mathe- 
matical aspects of the paper as this can best be done by those more familiar 
with those branches of gas studies, but rather to express some thoughts more 
concerned with the practical application of these findings. A good many of us 
remember, in former years, when the purchase of a controlled atmosphere 
furnace was under consideration, it was often necessary to send samples of 
the steels to be treated to the furnace builder’s laboratory. Here an extended 
series of tests with different gas atmospheres was made to learn the most 
suitable to use. With these new findings, furnace equipment can immediately) 
be selected so that when the furnace is later built and ready to start, only slight 
adjustments in the composition of the atmosphere gas need be made. 

The authors state that the gas composition is a function of the steel 
composition. They appear to refer to the steel composition from a carbon 
content standpoint only, and if this is the correct interpretation, I would like 
to ask how they explain the retarding carburizing effect of nickel and the 
accelerating effect of chromium and vanadium, or, whether these or other ele- 
ments are to be reckoned with to any extent when applying the phase rule to 
gas carburizing reactions. It is known that when A-2515 steel and A-6120 
steel are carburized simultaneously under identical conditions to the same 
case depth in the range of 0.055 to 0.065, the carbon concentration of the first 
0.002 of case from the surface can approach a value of almost double for the 
A-6120 steel. 

Written Discussion: By N. C. Fick, Battelle Memorial Institute, 
Columbus, Ohio. 

This paper has been very interesting and thought-provoking. The authors 
mention, but fail to emphasize, the fact that the phase rule applies only when 
a chemical system has come to equilibrium. The element of time is a factor of 
zreat concern to the person who wishes to put carbon in through the surface 
of a piece of steel. Diffusion rates are slow. A true state of equilibrium can 
exist only when sufficient diffusion has taken place to give the piece a uniform 
carbon content throughout and this carbon content is balanced with the atmos- 
phere in the furnace. This condition very rarely exists in the normal com 
mercial carburizing cycle. I would like the authors to elaborate on the state- 
ment that the rate at which carburization or decarburization will occur is a 
direct function of the departure of the gas composition from the equilibrium 
gas composition. What are the limitations? 

Written Discussion: By Lee O. Case, University of Michigan, Depart- 
ment of Chemistry, Ann Arbor, Mich. 

This interesting paper illustrates nicely the way in which the long- 
familiar phase rule condenses in rather brief compass a considerable amount 
of information concerning equilibrium gathered from diverse sources, both 
theoretical and practical. While I may thereby add little to the practical 
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ends served by the authors’ clear presentation, I might offer the following 
comments in connection mainly with the phase rule interpretation: 

(a) As briefly mentioned by the authors some of the interesting properties 
of the systems considered result from what might be described as a degeneracy, 
in that some of the components are missing from some of the phases. In the 
case of the “simple” carburizing gas, the three-component system iron, carbon, 
oxygen is involved, of which the gas phase contains only the latter two, the solid 
phases, reasonably neglecting the small gas solubility, only the first two. The 
complex case concerns a system of five components of which the gas phase con- 
tains four only, the solid phases as before containing only iron and carbon. There 
is a consequent limitation in the choice of independent variables. 

(b) To demonstrate the point just mentioned—that the complex mixture 
contains only four components—it may be well to point out that the establish- 
ment of the three equilibria listed on page 668 (clearly designated by the 
authors as the only independent ones) also imply, by elimination of Fe and 
Fe,C among the equations, the existence of the equilibria: 


CO + H:O = CO: + H: 
CO + 3H. = CH, + H:0 


Thus since the six constituents of the gas phase are connected by two equa- 
tions, four components are sufficient for its description. As the four components 
there might be chosen: C, Os, He, Nz or, say, CO, Hz H:O and Nez This 
means that in making up such a mixture the results of analysis need be stated 
in terms of only three of these four, not five of the original six. For example, 
a mixture of 10 mols CH, 40 CO, 20 Hz, 15 H-O, 10 COs, 5 Na: will be 


duplicated in its behavior as to the final equilibrium state by a mixture of 


1 
50% CO, 33.3% Hae, 12.5% H:O and (by difference) 4.2% N: 


(c) In connection with the discussion of the Equilibrium Constant, page 672, 
it seems unnecessary to assume either Raoult’s Law (Equation c), or the 
empirical solubility law (Equation d). For such a reaction as: 

3Fe(s.s., mol fr..1 — Na) + CHs (2g) = Fes:C(s.s., mol fr. Na) + 2H:2, 
one may immediately write the very useful, hybrid equilibrium constant: 

Pa. Na 

Pen, (1 — Na) 
with apologies only for the substitution of partial pressures for fugacities and 
of mol fraction concentrations for activities. 

Written Discussion: By J. J. Turin, professor of physics, University of 
Toledo, Toledo, Ohio. 

This important and exhaustive paper presents a careful and highly com- 
mendable analysis of a difficult problem. It presents in an understandable way 
a complete correlation of the fundamental carburizing reactions and what 
may be expected from them both theoretically and practically regardless of the 
range of steel composition. 

Although the language of the paper is highly technical, the import which 
it carries is practical and simple. The simple facts bear emphasis and should 
be closely scrutinized by all practical metallurgists: 

First, surface carbon concentration control in the austenitic range can be 
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accomplished by adjusting the composition of the atmosphere surrounding the 
steel, and the surface carbon content maintained regardless of the time. (This 
is a rigorously demonstrable fact providing the carbon gradient inward is not 
too extreme. ) 

Second, the carbon content may be accurately predicted and maintained 
by simply controlling the dew point. This is a startling result and can be 
counted upon eventually to eliminate operating difficulties for many metal- 
lurgists and practical heat treating men. The result itself comes about funda- 
mentally from a detailed consideration of the equilibrium constant as a function 
of the composition of the solids in contact with the gas mixture, a fact usually 
neglected as unimportant by many working in the field. 

Third, carbon concentration control (by gas equilibrium as distinguished 
from time-rate processes) can only be possible for steels in the austenitic 
range, and no others (practically the ferritic range is unimportant). This 
is conclusively demonstrated by considering the relationship of all possible 
variables according to phase rule analysis. 

The authors are to be congratulated for an important contribution to the 
metallurgical field. 


Authors’ Reply 


The fine discussions which have been offered are most gratifying since 
they indicate a widespread and stimulating interest in the theory of gas car- 
burizing. These discussions also serve to show where additional work of this 
type could profitably be directed. 

Mr. Harris’ comments point out that a correlation of the gas-metal equi- 
libria with carbon supply factors and diffusion rates would be of value in 
simplifying the three-phase cases. We must reassert in this connection that 
the findings outlined in the paper are rigorous only for the state of equilibrium. 
The problems he considers deal with nonequilibrium conditions. As was 
pointed out, in the three-phase cases an atmosphere is either fully carburizing, 
decarburizing, or in equilibrium independently of the carbon concentration. 
Therefore, if the atmosphere is made to be of nonequilibrium composition in 
the carburizing direction, carburization will occur regardless of the amount 
by which the gas composition differs from the equilibrium condition. This is 
an important generalization to be drawn from the paper. How highly car- 
burizing the atmosphere should be made as a practical matter depends upon, 
as Mr. Harris intimates, supply factors, diffusion rates, the type and  uality 
of the furnace. In general, the atmosphere should be held as near equilibrium 
composition as is consistent with the safety of the work load so as to hold 
sooting to a minimum. We might also point out that active carburization can 
be accomplished totally within the austenite range. That is, if a 0.20% carbon 
steel is surrounded by an atmosphere in equilibrium with 1.00% carbon, the 
steel will be carburized and the skin carbon will approximate 1.00% carbon 
after a reasonable carburizing time. One thing the operator may be certain 
of is that the skin carbon will never be greater than 1.00% carbon. 

Mr. Harris’ objection to the use of FesC in solution rather than carbon is 
understandable from a theoretical standpoint. We are not certain of the 
quantitative division of carbon into FesC and C in the solution. We are sure, 
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however, that there is some such division, thus making the use of either con- 
cept inaccurate. Fortunately, calculations prove that it makes very little 
difference in the equilibrium curves. 

Mr. Frischman points out a nonequilibrium situation which is also beyond 
the scope of this paper. The effects of chromium and nickel on active car- 
burizing may be summed up as follows: 

Chromium, unlike iron, forms a stable carbide and thereby causes high 
carbon concentrations to result in the surface layers. Nickel lowers the solu- 
bility of carbon in iron and does not form a stable carbide. Consequently, 
nickel tends to lower the surface carbon concentration. While the results of 
this paper are intended to hold only for a steel consisting of iron and carbon, 
it may be said that the addition of each extra alloying element will increase the 
number of components by one while also increasing the number of independent 
chemical relationships by one. Thus, the general relationships derived in the 
paper will be unchanged. However, these alloying elements alter the physical 
data to some extent, thereby changing the numerical relationships of the 
curves. It is found in the laboratory, however, that no significant changes in 
the data need be made for mildly alloyed steels. 

Mr. Fick emphasizes that this paper deals only with the condition of 
equilibrium, and he points out that the equilibrium state is rarely encountered 
in normal carburizing practice. This was very true until the past year or two. 
Recently, however, there has been a rapidly increasing demand for equilibrium 
carburizing, particularly in connection with recarburizing or “skin recovery”. 
Other examples are the attainment of a definite surface carbon concentration 
during ordinary carburizing and the prevention of carburizing or decarburizing 
during a heating operation. 

An elaboration of the statement, “The rate at which carburization or de- 
carburization will occur is a direct function of the departure of the gas com- 
position from the equilibrium composition”, could well be the subject of a sep- 
arate article. The only meaning given to this statement in this paper is that 
for a given condition of the steel the rate at which carbon will be added or 
removed depends directly upon the gas composition. In this light the state- 
ment has no limitations. 

30th Dr. Case and Dr. Turin’s remarks point out the most important 
conclusion of the paper. That is, that the highly complex gas carburizing 
equilibrium system may be controlled by means of one gaseous constituent 
under the proper conditions. If we employ a suitable atmosphere generator 
which gives substantially constant percentages of CO and Haz, then any one 
of the gases H:O, CO, or CH, may be used to completely describe the atmos- 
phere potential. Since H.O is the only one of these three which is easily 
measured with accuracy, we logically choose dew point as the single control 
factor. Dr. Turin also emphasizes that in the austenitic range any carbon 
concentration may be obtained by dew point control, whereas in the other prac- 
tical ranges equilibrium may be established from an appropriate dew point but 
here the dew point is not influenced by the carbon percentage. These gen- 
eralizations are found by application of the phase rule. The numerical details 
are developed by considering the effect of the steel composition, a factor 
usually neglected, upon the gas composition. 





SOME SPECIAL METALLOGRAPHIC TECHNIQUES 
FOR MAGNESIUM ALLOYS 


By P. F. GEorGE 
Abstract 


Some new metallographic techniques for magnesium 
and its alloys are given. These include methods for analyz- 
ing solid solutions within a single grain; for showing 
diffusion in magnesium alloys; for distinguishing micro- 
shrinkage from fusion voids in solution heat treated metal ; 
for distinguishing the Mg,,Al,, compound from the 
Mg,Al.Zn, compound; for distinguishing Dowmetal C 
(Mg, YAl, 2Zn, 0.1Mn) alloy from Dowmetal H (Mg, 
6Al, 3Zn, 0.2Mn) alloy in the as-cast or heat treated 
condition; for determining the orientation of individual 
grains; for. showing the results of cold working to a 
remarkable extent; for revealing hard-to-etch grain 
boundaries such as exist in as-cast metal; for producing 
good contrast between types of precipitates; and for 
determining the temperature of aging. 


ETALLOGRAPHIC techniques for the magnesium alloys 

have been discussed at various times (1-11),' but these have 
been limited to the methods to delineate general structure in the rou- 
tine examination of these alloys. It is the purpose of this paper to 
describe some specialized techniques that have become very useful 
in magnesium metallography. 


ANALYZING SOLID SOLUTIONS 


A method for analyzing various parts of a solid solution in a 
single grain is possible with magnesium alloys. The method requires 
the use of one of the following etchants: 


Etchant No. 1 Etchant No. 2 


5% picral® 50 ml 50 ml 
Distilled water 20 ml 20 ml 
Glacial acetic acid 20 ml 16 ml 


The freshly polished specimen is placed in the etchant face up 





1The figures appearing in parentheses pertain to the references appended to this paper. 
25% picral contains 5g picric acid dissolved in ethanol to make 100 ml. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, P. F. 
George, is metallurgist, Metallurgical Department, The Dow Chemical Com- 
pany, Midland, Mich. Manuscript received May 13, 1946. 

686 


























19497 METALLOGRAPHIC TECHNIQUE FOR MG ALLOYS 687 





Fig. 1—Cracked Film on Heat Treated Dowmetal C (9Al, 2Zn, 0.1Mn) Alloy. 
Etchant No. 1. X 250. 


for exactly 15 seconds, removed, washed in running 95% ethanol 
and dried in a gentle stream of air. The etchant forms an amor- 
phous film on the polished surface which, when dried, cracks parallel 
to the trace of the basal plane in each grain. Fig. 1 shows the cracked 
film on Dowmetal C alloy when etched in etchant No. 1. It is pos- 
sible to observe this cracking under the microscope by leaving the 
specimen wet with the alcohol and letting it dry in place on the 
microscope stage. 

The cracking of the film is sensitive to the composition of the 
underlying solid solution. Etchant No. 1 forms a cracked film or 
line structure on magnesium solid solutions with the composition 
found above curve No. 1 shown in the magnesium corner of the 
ternary Mg-Al-Zn diagram, Fig. 2. Etchant No. 2 forms a cracked 
film on compositions within both curve No. 1 and curve No. 2 in 
Fig. 2. In alloys that have heterogeneous solid solutions, such as 
the partially heat treated Dowmetal C alloy in Fig. 3, the boundary 
between the cracked film and the continuous film has the composi- 
tion of the intersection of a line, drawn between the magnesium cor- 
ner and the average composition of the alloy and curve No. 1 in 
Fig. 2. 

The appearance of the cracking varies somewhat with small dif- 
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Fig. 2—Magnesium Corner of Mg-Al-Zn Ternary Diagram Showing Com- 
positions of Solid Solutions that Produce the Cracked Film. 





Fig. 3—Partially Heat Treated Dowmetal C Alloy Showing the Low and High 
Composition Areas in the Solid Solution. Etchant No. 1. xX 250. 
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Fig. 4—Heat Treated Dowmetal C Alloy with Slightly Different Compo- 
sitions. The width of the cracks in the film varies with slight composition 
differences. Etchant No. 1. X 250. (a) 8.5% Al, 1.7% Zn. (b) 9% Al, 
2% Zn. (c) 9.7% Al, 2.3% Zn. 
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ferences in composition; for example, Fig. 4 shows three alloys, all 
with a slightly different composition but within the Dowmetal C 
alloy composition range. The specimens were all etched at one time 
in etchant No. 1. The difference in the type of cracking is apparent. 
The higher alloy composition ranges have finer cracks in the film, 
while the low alloy compositions tend to have coarser cracks. The 
appearance of the cracking also varies with etching time. For this 
reason the etching time must be held constant. 


SHOWING DIFFUSION 


Since the etchants just described are sensitive to composition 
it is possible to show the diffusion, during heat treatment, of the 
aluminum and zinc from the massive compound in the as-cast mag- 
nesium alloys to the a-magnesium solid solution. The etching pro- 
cedure is the same as described under “Analyzing Solid Solutions.” 
Etchant No. 1 is used for Dowmetal C alloy, and etchant No. 2 is 
used for Dowmetal H alloy. Fig. 5 shows the diffusion of the alu- 
minum and zinc into the a magnesium crystals in Dowmetal C alloy 
heat treated for various lengths of time. The composition of the 
boundary between the cracked and continuous film can be estimated 
from curve No. 1 in Fig. 2. 

The aluminum diffusion from an aluminum-containing base 
metal to a manganese-containing clad material can be shown especially 
well by the use of the following etchant: 


5% picral 100 ml 
Glacial acetic acid 5 ml 
Conc. nitric acid 3 ml 


The freshly polished specimen is placed face-up in the etchant 
for 20 seconds, washed in running water, then in alcohol and dried 
in a stream of air. 

The aluminum from the base metal will precipitate manganese 
from the clad metal as diffusion takes place. The band of precipi- 
tated manganese is clearly shown in Fig. 6. The depletion of alumi- 
num in the base metal and the hardness increase due to the manganese 
precipitate can be shown by microhardness. Fig. 7 shows the Knoop 
hardness numbers taken across the clad and into the base metal. 


DISTINGUISHING MICROSHRINKAGE FromM Fusion VoIps 


Distinguishing microshrinkage, which occurs during solidifica- 
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Fig. 5—Diffusion of Aluminum and Zinc During Heat Treatment of Dowmetal C 
Alloy. Etchant No. 1. x 250. (a) As-cast. (b) As-cast, preheated. (c) 1.2 hrs. at 
770 F. (d) 2.4 hrs. at 770 F. (e) 5.5 hrs. at 770 F. (f) 6.8 hrs. at 770 F. 
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_ Fig. 6—Diffusion of Aluminum from the Aluminum-Containing Base Metal 
(right) into the Manganese-Containing Clad Metal (left). Etched in 100 picral, 
5 acetic acid, 3 nitric acid etchant. Xx 200. 
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Fig. 7—Microhardness Taken Across the Clad Material Shown in Fig. 6. 


tion, from fusion voids, produced by improper heat treatment, of the 
magnesium alloy castings has been difficult. The methods formerly 
used for showing this difference have been to reveal the shape of 
the holes, and compare the amount of precipitated compound that 
appeared in the vicinity of the holes with that in nonporous regions 
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Fig. 8—Microshrinkage in Dowmetal H Alloy Etched with Etchant No. 1. TI 
racked film is not produced in the area of the voids. - 2 

Fig. 9—Fusion Voids in Dowmetal H Alloy. Etched with Etchant No. 1. The 
racked film is produced in the area of the fusion voids <x 100. 


(8). Very careful polishing was required to reveal the shape of the 
holes well enough to distinguish the two, and the latter method 
required the precipitated compound to be present which was often 
lacking in heat treated Dowmetal H alloy. 

A method that can be used on heat treated Dowmetal H alloy 
that contains no precipitated compound makes use of etchant No. | 
because of its sensitivity to the composition of the solid solution. 
The freshly polished specimen of Dowmetal H alloy containing voids 
is immersed face-up in etchant No. 1 for 15 seconds, washed in run- 
ning 95% ethanol and dried in a gentle stream of air. This produces 
a cracked film around the voids if they are caused by improper heat 
treatment because this area will be of an alloy content greater than 
the average composition of this alloy and above curve No. 1 in Fig. 


2. The film will not crack around the voids if they are due to micro- 


shrinkage as the alloy content in the region of such voids is below 
the average composition of Dowmetal H alloy and far below the 
omposition shown by curve No. 1 in Fig. 2. Microshrinkage and 
fusion voids in Dowmetal H alloy are shown in Figs. 8 and 9. The 
cracked film is produced around the fusion voids but none appears 
around the microshrinkage. 








TRANSACTIONS OF THE A. S. M. 
DISTINGUISHING PHASES 


A large difference of color between the Mg.Si compound and 
the manganese constituent can be obtained by using the following 
etchant : 

5% picral 50 ml 
Distilled water 50 ml 

The freshly polished specimen is immersed face-up in the etchant 
for 30 seconds, washed in alcohol and dried in a stream of air. The 
Mg.Si becomes a brilliant blue, while the manganese retains its usual 
gray color. 

Distinguishing between the intermetallic compounds Mg,,Al,, 
and Mg,Al,Zn, is possible with the following etchant: 

Hydrofluoric acid 48% 10 ml 
Distilled water 90 ml 

The freshly polished specimen is immersed face-up in the etchant 
for 1 second, washed in running water, then in alcohol and dried in 
‘a stream of air. The Mg,,Al,. is darkened, while the ternary com- 
pound remains white. 

To give more contrast between the white ternary compound and 
the matrix, the specimen, after receiving the hydrofluoric acid etch, 
can be immersed in: 

5% picral 10 ml 

Distilled water 90 ml 
for 10 to 15 seconds. This stains the matrix a golden color, giving 
good contrast between all phases present. Fig. 10 shows a Dowmetal 
H alloy etched in these two etchants. The Mg,,Al,, is darkened by 
the hydrofluoric acid etchant leaving the Mg,Al,Zn, compound white. 
The matrix is stained to give better contrast. Fig. 11 shows the 
same area repolished and etched with the “glycol etchant.” No dif- 
ference can be seen between the two compounds. The binary mag- 


nesium zinc compound also remains white when etched in the hydro- 
fluoric acid etchant. 


DISTINGUISHING BETWEEN ALLOYS 


Dowmetal C alloy and Dowmetal H alloy in the as-cast condi- 
tion can be distinguished from each other by etching in the hydro- 
fluoric acid etchant. The ternary compound Mg,Al,Zn, is found in 
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Fig. 10—Dowmetal H Alloy Showing the Darkened Mg;;Alje and the 
White MgsAlZns. HF etchant followed by 10 picral, 90 water etchant. 


Fig. 11—Same Area as Shown in Fig. 10 Etched in the glycol etch- 
ant. x zuUU. 


Dowmetal H alloy as shown in Fig. 10, while Dowmetal C alloy 
contains only the Mg,,Al,, compound. The 10 picral, 90 water etch- 
ant should be used after the hydrofluoric acid etchant each time to 
make certain that the ternary compound is not overlooked because 
of the lack of contrast with the matrix. 

The ternary compound or one of the magnesium zinc com- 
pounds is found in all alloys when the composition is to the right 
f the line drawn on the Mg-Al-Zn diagram shown in Fig. 12, while 








696 TRANSACTIONS OF THE A. S. M. Vol. 38 


/0 
Dowmetal 7 


Massive Compound 
All Moz Alp 


> Dowmetal *H" 


AE 


Massive Compound 
MGi7Al2 +g, Z7oAls 








LN, %a 


Fig. 12—Line Drawn on the Mg-Al-Zn Diagram to Divide the Composi 
tions which Contain All Mg;;Alje Massive Compound from the Compositions 
that Contain Some MgsZn.Als Ternary Compound in the As-Cast State. 


only the Mg,,Al,, compound is found in alloys with the composition 
to the left of the line. The Dowmetal C alloy has a composition 
to the left of the line while Dowmetal H alloy has a composition 
to the right of the line. 

When the Dowmetal H and C alloys are in the heat treated 
condition and contain little massive compound, they can be distin- 
guished from one another by the use of etchant No. 1. This etchant 
produces the cracked film on the heat treated Dowmetal C alloy and 
not on the heat treated Dowmetal H alloy. The composition of the 
Dowmetal C alloy lies within curve No. 1, Fig. 2, while Dowmetal 
H alloy lies outside of curve No. 1. Fig. 13. shows the absence of 
the cracked film on Dowmetal H alloy while Fig. 14 shows the 
cracked film on Dowmetal C alloy, both etched with etchant No. 1. 


DETERMINING ORIENTATION 


The magnesium alloys do not lend themselves to the methods 
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Fig. 13—Heat Treated Dowmetal H (Mg-6Al, 3Zn, 0.2Mn) Alloy. Etchant No. 1. 
No cracked film is produced with this composition. x 250. 

Fig. 14—Heat Treated Dowmetal C (Mg-9Al, 2Zn, 0.1Mn) Alloy. Etchant No. 1. 
Cracked film is produced with this composition. X< 250. 


of determining orientation by means of etch pits as do some of the 
other metals shown by Barrett and Levenson (12). 

The trace of the basal plane in each crystal can be determined 
by the use of the etchants Nos. 1 and 2 since the film formed on 
the specimen by these etchants, when dried, has been shown by X-ray 
methods to crack parallel to the trace of the basal plane in each grain. 
If the grains are distorted or if the basal plane is parallel to the pol- 
ished surface, the cracks in the film do not follow definite directions. 
This is shown in many of the grains in the photomicrographs in 
Fig. 4. 

The slope of the basal plane can be determined by the following 
method: The freshly polished specimen is immersed face-up in 


5% picral 100 ml 
Distilled water 10 ml 
Glacial acetic acid 5 ml 


for 10 to 20 seconds, washed in running 95% ethanol and dried in 
a stream of air. It is then placed on a revolving mechanical stage 
of a metallurgical microscope and revolved under polarized light. 
The grains with the basal planes parallel to the polished surface 
remain unchanged and dark as the stage is revolved, while grains 
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Fig. 15—Degrees of Rotation of the Revolving Mechanical Stage Under 
Polarized Light, Compared with the Angle Between the Etched Surface and 
the Basal Plane Calculated by the Laue Method. 


with the basal planes at an angle with the polished surface change 
from light to dark. The maximum number of degrees of rotation 
of the stage through which the darkened grains remain dark is 
measured. Then from the curve in Fig. 15 the angle between the 
polished surface and the basal plane is easily estimated. 

The data for the curve in Fig. 15 were obtained from a speci 
men of magnesium which was annealed to remove all distortion, 
polished chemically using a 15% nital solution and etched 15 sec 
onds in the above etchant. A photomacrograph was taken of the 
specimen as shown in Fig. 16 and 44 grains were numbered on the 
negative to identify each grain. Laue back-reflection patterns were 
taken from each of the 44 grains and the angle between the etched 
surface and the basal plane was calculated for each grain. The speci- 
men was then placed on the revolving stage of a metallurgical micro- 
scope and the maximum degree of rotation of the stage during 
which each grain remained dark under polarized light was measured. 
These measurements, plotted against the calculated angles from the 
Laue patterns, are shown in Fig. 15. The same specimen was 


4 


repolished in 15% nital and this time etched for 30 seconds in the 
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above etchant and again the rotations of the specimen under polar- 
ized light were measured and found to give approximately the same 
results. 

Existence of preferred orientation can be seen readily under 
the microscope. If most of the grains turn dark and light at one 
time on revolving the specimen under polarized light, the basal 
planes will all have approximately the same slope and the slope will 
be in the same direction. When viewed under the bright field of 
a microscope the grains that appear light have their basal planes 
nearly parallel to the etched surface, while the grains that appear 
dark have basal planes nearly perpendicular to the surface. This 
makes it possible to see the existence of preferred orientation under 
the bright field of a microscope. Fig. 17 shows the preferred ori- 
entation as it exists on the surface of an extruded Dowmetal FS-1 
alloy etched with the above etchant and photographed under ordi- 
nary light. 

It was found that microhardness values were sensitive to the 
orientation of the grains to a remarkable extent in magnesium alloys. 


Best reproducibility of the microhardness values was obtained by 


selecting grains with the basal planes nearly parallel to the polished 
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Fig. 17—Extruded Dowmetal FS-1 Etched with 100 Picral, 10 Water, 5 Acetic 
Acid Etchant. The surface grains are all of the same color, indicating the same ori- 
entation and a different orientation from the substructure. Xx 100 


Fig. 18—Heat Treated Dowmetal C Alloy Etched in the Acetic Glycol Etchant (a) 
and in the 100 Picral, 10 Water, 5 Acetic Acid Etchant (b). 40 Note the appear 
ince of the twins in the center grain of right-hand picturs 
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_ Fig. 19—Slightly Distorted Crystal of Magnesium Etched in 100 Picral, 10 
Water, 5 Acetic Acid Etchant. Taken under polarized light. x 50. 


and etched surface. The above method was found to be very useful 
for selecting these grains. 


SHOWING RESULTS OF CoLp WorK 


Twinning and distortion in the magnesium alloys can be shown 
to a remarkable extent by the use of the 100 picral, 10 water, 5 acetic 
acid etchant described under “Determining Orientation.” The etch- 
ing procedure is the same as previously described. Twins that are 
not revealed by other etchants are readily detected by this etchant. 
Fig. 18 shows the same area on Dowmetal C alloy, etched with the 
acetic glycol and with this picral, water, acetic acid etchant. The 
twins are hidden when etched with the acetic glycol but are clearly 
shown with this etchant. The etchant both sharply outlines the 
twins and colors them a different color than the matrix because of 
their different orientations. 

Very slight distortion in crystals that show no twinning can be 
detected. The etched specimen is revolved under polarized light and 
any change in color or darkness from one area of the crystal to 
other areas on the crystal is noted. If the grains are of a size to 
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Fig. 20—-Laue Diffraction Pattern of the Same Magnesium Crystal Shown in Fig. 19 


permit low magnification (>< 50) this method of revealing distor- 
tion becomes extremely sensitive. Fig. 19 shows the difference in 
darkness on a magnesium crystal photographed under polarized light. 
Another crystal is visible at the top of the photomicrograph. Fig. 
20 shows a Laue pattern of the same crystal shown in Fig. 19. The 
small amount of distortion that can be detected is apparent. 


REVEALING GRAIN BOUNDARIES 


Grain size measurements on magnesium alloys in the as-cast 
condition have been difficult. The 100 picral, 10 water, 5 acetic acid 
etchant previously described reveals the grains in the as-cast metal. 

The freshly polished specimen is held face-up in the etchant 
and gently agitated for 5 seconds. It is removed, washed in run- 
ning alcohol, and dried in a stream of air. This etchant has three 
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Fig. 21—Grain Boundaries in As-Cast Dowmetal C Alloy Twinning was 
intentionally left in specimen to help reveal the grains. Etched in 100 picral, 10 
water, 5 acetic acid etchant. x 200 





Fig. 22—Macro-Grain Structure in As-Cast Dowmetal 
i Etched in 100 picral, 10 water, 5 acetic acid etchant. 
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Fig. 23—Extruded Dowmetal FS-1 Alloy Showing the Grain Boundaries Clearly 
Revealed by the 100 Picral, 10 Water, 5 Acetic Acid Etchant. X 250. 

Fig. 24—Aged Dowmetal C Alloy Showing Contrast Between the Two Types of 
Precipitate as Produced by the 100 Picral, 10 Water Etchant. X 250. 


characteristics that enter into its ability to reveal the grains in as-cast 
magnesium alloys: 

1. The grain boundaries are revealed between the massive com- 
pound particles. 

2. Contrast is shown between one grain and another because 
of the etchants’ ability to stain grains differently, depending on their 
orientation. 

3. Twins are revealed that run in given directions in each grain, 
which produces still more contrast between grains. Fig. 21 shows 
the grains in as-cast Dowmetal C alloy as revealed by this etchant. 

In obtaining grain sizes on as-cast magnesium alloys, it is advan- 
tageous to leave some of the twinned metal, produced by sawing, on 
the specimen. This is usually easy to do; in fact, much careful grind- 
ing and polishing is required to remove the cold-worked layer. 

The same etchant is excellent for macro-grain size determina- 
tions in all the alloys in the as-cast or heat treated condition. Fig. 
22 shows the macro-grain structure in an abnormally large grained 
as-cast Dowmetal C alloy at 3. 

The etchant is also excellent for revealing the grains in hard- 
to-etch wrought alloys. Fig. 23 shows the grain boundaries clearly 
revealed in extruded Dowmetal FS-1 alloy. 
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Fig. 25—Dowmetal C Alloy Aged at Various Temperatures for 15 Hrs. Cracked 
film becomes less as temperature of aging is ‘increased. Etchant No. 1. X 250. (a) 
300 F. (b) 325 F. (c) 350 F. (d) 375 F. (e) 400 F. 
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Table I 
Summary of Special Etchants 


Composition Etching Procedure Characteristic 
5% picral 50 ml Specimen face-up with gentle 1. Shows trace of basal plane 
Distilled water 20 ml agitation. Exactly 15 seconds. 2. Sensitive to solid solution 
Glacial acetic acid 20 ml Wash in running alcohol and composition. 
dry in gentle stream of air. 3. Distinguishes between mi- 


croshrinkage and fusion voids 
4. Reveals temperature of 


aging. 


5% picral 50 ml Same as above except differ 

Distilled water 20 ml Same as above. ent range of solid solution 

Glacial acetic acid 16ml composition as shown by the 
curves in Fig. 2 

5% picral 100 ml Same as above, except time of 1. Reveals hard-to-etch grain 

Distilled water 10 ml etching not critical. boundaries in wrought and as 

Glacial acetic acid 5 ml cast structures. 


2. Stains grains of various 


orientations differently 
3. Very sensitive in revealing 
distortion 


5% picral 50 ml Specimen face-up for 30 sec Greater contrast between 
Distilled water 50 ml onds, washed in running alco Mg.Si compound and Mn con 
hol and dried in stream of air. stituent. Mg.Si brilliant blue, 

Mn dull gray. 

; 5% picral 100 ml Specimen face-up for 20 sec Shows diffusion of aluminum 
Glacial acetic acid 5 ml onds, washed in water, then from the Al-containing bas« 
Conc. nitric acid 3 ml alcchol and dried. metal into the Mn-containing 

clad metal. 
H ydrofluoric Specimen face-up for 1 to 2 Darkens Mg;7;Alj. compound 
acid (48%) 10 ml seconds, washed in water, then and leaves the MgsAloZnzg ter 
Distilled water 90 ml alcohol and dried. nary compound unetched and 
white. 
5% picral 10 ml Specimen face-up for 15 to 30 Used after above HF etchant 
Distilled water 90 ml seconds, washed in alcohol and to darken matrix to give bet 
dried. ter contrast between matrix 
and white ternary compound 
5% picral 100 ml Specimen face-up for 15 to 30 Gives good contrast between 
Distilled water 10 ml seconds, washed in alcohol and types of precipitate 


dried 


PRODUCING CONTRAST IN PRECIPITATES 


At times it is difficult to obtain good contrast between the two 
types of precipitate found in the magnesium-aluminum and magne- 
sium-aluminum-zine alloys. An etchant with the following com- 
position : 


5% picral 100 ml 
Distilled water 10 ml 


gives good contrast between the “Pearlitic’ type and the fine Wid- 
manstatten type of precipitate (8). Fig. 24 shows an aged Dow- 
metal C alloy etched for 20 seconds in this etchant. The areas of 
the two types of precipitate are clearly distinguished. 





1947 METALLOGRAPHIC TECHNIQUE FOR MG ALLOYS 707 
DETERMINING AGING TEMPERATURE 


It is possible to show, roughly, the temperature of aging for 
some of the magnesium alloys. Etchant No. 1 is used as previously 
described. The aging temperature is determined by the amount of 


film cracking produced by this etchant. Fig. 25 shows etchant No. 
, 


1 used on Dowmetal C alloy aged 15 hours at 309, 325, 350, 375 
and 400 F (150, 165, 175, 190 and 205C). The amount of the 
cracked film decreases as the temperature of aging increases and 
entirely disappears above 400 F. The amount of film cracking has 
been investigated for aging times between 5 and 25 hours at the 


above temperatures and it has been found that these times of aging 


do not change the amount of film cracking for any given temperature. 
SUM MARY 


Table I summarizes the etchants, with their compositions, etching 


technique and use for the special metallographic techniques described 
vn 


in this paper. The picric acid etchants change their etching charac- 
teristics in a few hours, and _theretore cannot be made up in advance. 
However, the 5% picral solution can be made in advance and used 
as a stock solution in all the etchants containing picral listed in 
Table # 
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DISCUSSION 


Written Discussion: By Alfred Bornemann, associate professor of engi- 
neering chemistry, Stevens Institute of Technology, Hoboken, N. J. 

3efore asking for information, I would like to compliment Mr. George on 
his excellent metallographic technique. My question deals with the method of 
preparing magnesium specimens for metallographic examination. Would Mr. 
George be kind enough to disclose his polishing techniques? 


Author’s Reply 


Answering Dr. Bornemann’s question, the polishing technique used for the 
preparation of the magnesium specimens can be described briefly as follows: 

The specimen is ground on Aloxite cloths Nos. 50, 150, 320, and on emery 
paper No. 0. The Aloxite cloths and emery paper are mounted on rotating 
disks. 

The polishing is carried out on two wet laps both covered with “Vel- 
Chamee” cloth. A suspension of 600 alundum is used on the first wheel, while 
a suspension of relevigated alumina and soap solution is used on the final wheel. 

The specimen is rinsed well in running water, then in alcohol and dried in 
a blast of air. 


A more detailed description of the polishing technique has been described 
by Hess and George in previous papers (7), (8). 





CALCULATION OF PRESS FORGING PRESSURES AND 
APPLICATION TO MAGNESIUM FORGINGS 


By R. L. DietrIcH AND G. ANSEL 


Abstract 


The pressures required for forging are a function of 
size, shape, friction and deformation resistance of the 
metal. Equations are derived for calculating the forging 
pressures in simple sections as a function of these varia- 
bles. From a few simple tests, basic data on deformation 
resistance and friction may be obtained for a given metal 
and conditions of press speed, lubrication and tempera- 
ture. Such data can then be used to calculate, with rea- 
sonable accuracy, the loads required for upsetting or for 
fairly simple die forgings. Some data are given for two 
commercial magnesium forging alloys (Mg + 8.5 Al - 
ee Zn and Mg + 6.5 Al +-1.0 Zn), and the sontunlien 

between calculated and experimental forging loads 1s 
shown for a few magnesium die forgings. Data are also 
presented on the effect of flash dimensions to illustrate 
the way in which the derived equations may be used to 
predict the effects of changes in die design upon the forg- 
ing load for a particular part. 


7. of the primary considerations in press forging any given 
part is the force which will be required; for its magnitude is 
one of the factors which determines the choice of press, die life, and 
perhaps even the ability or desire of a given plant to produce the 
forging. The force required for a forging is dependent upon the 
factors of material, forging conditions, friction and geometry. 

Some work of an empirical nature has previously been done on 
forging pressures to compare the effects of alloy, temperature, press 
speed, etc. Beck (1)? gives data showing the effect of press speed, 
temperature, and per cent deformation on the specific pressure re- 
quired for upsetting magnesium alloy extrusions 1 inch in diameter by 


l inch high: Zeerleeder and Irnmann (2) studied the effect of tem- 
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perature and alloy upon the power required to upset 20-mm diameter 
by 20-mm high aluminum test pieces 50%; Crane (3) gives a 
graphical computation of the approximate force required for forging 
steel and brass, which is based upon the projected area of the mate- 
rial to be used; Lucas (4) has compiled examples of many different 
forgings and the force used on them, to assist those who may have 
a similar part to forge: Naujoks (5) states that the experienced 
forger unconsciously takes into account the geometrical factors in a 
given forging, and can accurately estimate the force required, al- 
though he cannot tell how he does it. 

A great deal of work on plastic forming of metals was done in 
Germany at the Kaiser-Wilhelm Institut fiir Kisenforschung during 
the late 1920's. Most of this work was done on drawing, extrusion, 
deep drawing, and rolling; and has been summarized by Siebel (6). 
Some theoretical work on forging is presented which is further dis- 
cussed in a later section. 

In none of these references have the authors of this paper found 
a method of calculating the force required to produce a forging. The 
method outlined in this paper is intended to permit the calculation 
of such force for a given forging on the basis of its dimensions, its 
geometry, friction and the flow stress of the metal. Although the 
method appears rather cumbersome at first, it is fairly easy to use 
once the principles are understood: and a limited number of checks 
on actual forgings have indicated reasonable accuracy, 


GENERAL REQUIREMENTS FOR METAL FLow In Forcinc 


The forces required for forging are dependent upon the de- 
formation resistance of the material and the friction of the metal 
against the press plates. For ideal frictionless compression the force 
required would simply be equal to the deformation resistance, Ky, 
times the projected area. To find the forces necessary to overcome 
friction we must assume that these forces are distributed evenly 
over the height of the forging. According to Siebel (6) this assump- 
tion is the more justifiable the less the height of the forging in com- 
parison to its width. 

Assuming unidirectional flow we may derive? the equation for 
the specific pressure on a small element dx wide at a distance x from 
the nearest free surface. Fig. 1. 


*The complete derivation for this and other equations is given in the appendix. 
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Fig. 1—Element of Specimen Compressed Be 


tween Flat Plates. 


P. = Kre*s*"' Equation | 
where: Pe = Specific forging pressure at a distance x from the nearest fre« 
surface 
Ke = Deformation resistance of the metal 


e = Napierian base (2.718+ ) 

lh = Coefficient of friction between metal and press plates 
x Distance of point from nearest free surface 

t = Distance between the press plate S 


Starting with this general equation we may derive equations for 


the various special conditions encountered in forging. 
UPSETTING A CYLINDRICAL BILLE1 


Upsetting a cylindrical billet between flat plates is the simplest 
type of forging and therefore the expression for the pressure re- 
quired in this type of operation will be discussed first; in addition, 
such upsetting offers a relatively simple way to obtain the values 
K, and » for any given metal under a given set of conditions. 

-quation 1 is apparently valid for the condition of rotational 
symmetry, and applying it to a cylindrical billet of height, t, and 
radius, r, where t is small compared to r we may derive the equa- 


> s 


tions for the average specihnc torging pressure, P, or the { irging 
force, Ff 

Nadai (7) gives a derivation for Equation 1 and lso the theoretical evaluation, 
go = 1.155 where o@ is the tensile yield strength of metal at the forging temperature. 
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% Reduction ( 2TH X100) 


Fig. 2—Deformation Resistance, Kr, Versus Per Cent Reduction— 
At Press Speed of 35 Inch/Min. 


J-| Alloy 
Mg 6.5 Al +1Zn 








0 20 40 ~ 60 80 100 
% Reduction (To-TL X100) 


Fig. 3—Deformation Resistance, Kr, Versus Per Cent Reduction 
At Press Speed of 35 Inch/Min. 





= 2KrC[C(e”* — 1) — 1] Equation 2 

or F = 2AK:C[C(e”’* — 1) — 1] Equation 3 
t 
where C= : 


A = projected area of the billet 


Equation 2 derived in Appendix offers a fairly simple method 
of obtaining the deformation resistance K;, and the coefficient of 
friction, », for a given metal and alloy under a given set of condi- 
tions of temperature, per cent reduction, pressing speed and lubrica- 
tion, which values are necessary to enable computation of the forces 
required for die forging. If two billets of different sizes are upset 
under the same conditions, the values of specific forging pressure, 
final height, and final radius may be substituted in Equation 2 for 
each of the billets. If the resulting equations are solved simulta- 
neously, the values of Ky and yp can be obtained. For a nonwork 
hardening material (isotropic metal worked hot) this is all that is 
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Fig. 4—A_ Bracket Forging. The geometrical approximation used to calculate the 
force for this forging is shown in Fig. 5 


necessary ; but if it is a function of the per cent reduction, then the 
value of » obtained in this way may be used, together with Equation 
2 to convert a pressure-stroke curve to a curve of deformation re- 
sistance versus per cent reduction. Such curves have been obtained 
for Dowmetal J-1 and O-1, magnesium forging alloys, and are shown 
in Figs. 2 and 3. 

It is interesting to note the drop in deformation resistance in 
these alloys from 10 to 50% reduction. Part of this drop is due to 
developed heat, but not all of it. The rise in deformation resistance 
after considerable deformation is believed to be due to a combination 
of work hardening and developing orientation. 


Forces REQUIRED FOR DIE FoRGING 


In order to calculate in a practical way the forces required for 
die forging, it is necessary to make several simplifying assumptions: 

1. That the flow at any point is unidirectional toward the point 
of least pressure. 


2. That the forging in question, including the flash, can be di- 
vided into several sections of simple geometric shape and of constant 
thickness. In this operation small projections and bosses are neg- 
lected since their effect on the total force required is relatively small. 
The division of the sample forging pictured in Fig. 4 is shown in 
Fig. 5. 
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934" 


Division of Forging Shown in Fig. 4 in Simple Geometric Shapes. 


Fig. 5 
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3. That the friction over the die area is uniform and that the 
deformation resistance of the metal is either uniform or a function 
only of the reduction. 

The validity of these assumptions is shown by the reasonable 
correlation of calculated forces required with the experimental data 
available. 

To calculate the force required for forging a given part, the 
part is divided into a number of sections of simple geometric shape 
and the vertical force required for each section calculated. The total 
force is then simply the sum of the forces upon each of the individual 
sections. 

The force required for a given section of a forging will be the 
sum of the following forces: 

(a) The force required to overcome the deformation resistance 
of the metal and the friction in this section. 

(b) The force required to overcome the back pressure from 
the adjoining section of lower pressure toward which the metal flows. 

(c) In the case where the metal flows from the section in ques- 
tion to a thinner adjoining section, an additional force will be re- 
quired to accomplish the large amount of additional deformation 
necessary to extrude the metal into this thinner section. 

The forging force for any given section may be calculated from 
the following equation: 


F A (Ke + Pp) C (e™” 1) Equation 4 
t 
Where: ¢ 
2uy 
F = vertical force upon the section 
P, = back pressure exerted by the adjoining section of lower pressure 
t = thickness of the section 
y = minimum horizontal distance from point of maximum pressure in 


section to edge of section 


In Equation 4 the back pressure P, is considered as the sum 


of the forces P,,’ and P,” where P,’ is the back pressure due to fric- 
tion in the adjoining section of lower pressure and P,” is the force 
of extrusion where the metal is flowing from a thick section into a 
thinner one. 

If the metal flows from Section 1 to Section 2, the back pressure 


on Section 1 may be calculated from one of the following equations: 
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When t; > ts 





® | r “9 a - th 
P, = Py, e/*2 4 Ke (e/*2—1) + (Ke’ + Ke”) Log, a 
te 
Equation 5 
When ti < ts 
Py = Pp, e'°? + Ke” (e’*? — 1) Equation 6 
te 
Where C; = 
2uys 
P, = back pressure on Section 1 


P,,, = back pressure on Section 2 if Section 2 doesn’t open into 
i free surface 

K-’ = deformation resistance in Section 1 

K,” = deformation resistance in Section 2 


t, =thickness of Section 1 
ts = thickness of Section 2 
y: = width of Section 2 

uw = coefficient of friction 


= 


Using Equations 4, 5, and 6 the forging force on any section of the 
forging may be calculated and, therefore, the total force required 
for a given die. 


The Special Case Where C > 10: 


In a section of a forging where the ratio of thickness to width 


is large so that C becomes greater than 10, the Equations 4, 5, and 
6 may be simplified, for it can be shown that: 


Lim C (e”*° —1)—> 1 
C— oa 


and Equation 4 then becomes 
F=A (Ke + Pp) Equation 7 
Trial shows that if C = 10 the error in assuming that C(e’/* — 
1) — 1 is less than 5%. 


Sample Calculation 


To show the application of the method, the force required for 
forging a hypothetical part of the cross section shown in Fig. 6 is 
calculated. The length is large compared to the width, so flow would 
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D 





= 3" — 
Length =24" 
Kee = 15,000 psi 
Kee 13,000 * 
K,_ = 10,000 * 
D 
y = 009 


Fig. 6—Cross Section of Hypothetical Forging for Calculation of Pressure. 


be essentially lateral. The values for Ky and » must be known for 
the metal and the conditions used. The values given are reasonable 
for Dowmetal J-1 alloy at 700 F on a fast hydraulic press. 

The section of lowest pressure is the flash since this opens on a 
free edge and the calculations start with this section. 

The vertical force is calculated from Equation 4. 


Fr=A (Ke + P,) C (e*’* — 1) 
t 0.150 
Ce ee 898 
2uy 2 X 0.09 X 0.25 


Ke = 15,000 psi 
A = 14.75 in’ 

rv = 14.75 (15,000) 3.34 (e*”*™ — 1) 
Fy = 258,000 Ibs. 


The back pressure on section E is next calculated from Equa- 
tion 5 as follows: 


P, = Pp, 2 + Ke” (e’ 1) + (Ke + Ke”) Log. 


te 
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Pp», — 0 
Ke’ = 13,000 psi 
Ke” 15,000 psi 


te 
Cc =—=$3.44 
2uys 
t: 0.25 inch 
ts 0.150 inch 
0.25 
Puy = 15,000 (e”** — 1) + (15,000 + 13,000) Log. —— 
0.15 


19,540 psi 


The vertical force for section E is calculated from Equation 4 


0.25 
i = —_— 1.39 
2X 0.09 X 1 


Fe = 48 (13,000 +- 19,500) 1.39 (e*" — 1) 
= 2,280,000 Ibs. 
The back pressure on section D from Equation 5 


P,,,, = 110,000 psi 
I tion D, C : 11.1 which i ter thai 
n section D, = = 11.1 which is greater than 
2X 0.09 X 1.5 
10 and therefore Equation 7 may be used: 


Fp = 72 (110,060 + 10,000) 
= 8,650,000 Ib. 


The total force required to forge this part is then: 
| g 


F = Fy + Fe + Fo 
258,000 + 2.280.000 + 8,650,000 
= 11,198,000 Ibs. 
5600 tons 


Accuracy of Calculated Force 


There are several assumptions in the method outlined which con- 
tribute to error in the calculated force. The principal sources of 
error are believed to be: 

1. The assumption of simple type of flow in the metal, where 
the friction is uniformly distributed between the press plates. 

2. The error from inability to accurately evaluate the coefficient 
of friction that is so often found when friction is one of many fac- 
tors. 
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3. The assumption of unilateral flow. 

4. The disregard of small projections and bosses on the forging 
and the division into simple geometric shapes in order to simplify 
the calculations. 

5. The uncertainty of the true values for K,. 

Because of’ these and other sources of error the accuracy of the 
calculated force in the cases where comparison was made with ex- 
perimental data was found to be about + 20% with few exceptions. 
For calculations of this type this is a reasonable error and should 
not seriously impair the usefulness of the method. 


USEFULNESS OF CALCULATIONS 


The estimation of forging pressures has always been an art 
requiring a great deal of experience. The above method of calculat- 
ing the force required is an attempt to substitute calculation for the 
estimate based upon experience. It is given by the authors as another 
step in the direction of advancing the art of forging to the science 
of forging. 

The authors realize that the method is somewhat laborious and 
complicated, and that the accuracy of the results is only fair. The 
method should, however, provide an approximation of the forging 
pressure of sufficient accuracy to be useful in the sele¢tion of the 
proper press and to be of assistance in die design. 

In addition to the calculation of force required, the calculations 
have indicated that large pressure reductions may be accomplished 
in closed die forging by comparatively minor changes in die design, 
particularly in the flash dimensions. 

To check experimentally the effect on pressure of changes in 
flash dimensions, the part shown in Fig. 12 was forged in Mg + 
6.5 Al + 0.5 Zn alloy on a hydraulic press. The effect on the forg- 
ing load of alterations in the flash land of the die is shown in Table [. 


Table | 
Effect on Forging Load of Alterations in Flash Land of Die 


Part Experimental Calculated 
Forging ——F lash——_ Thicknes Load load 
No. Width T hickness (Web) Tons Tons 
1 0.28” 0.025” 0.156” 820 


2 0.20” 0.025” 0.156” 550 570 
3 0.10” 0.025” 0.156” 385 400 
4 0.15” 0.046” 0.156” 300 350 
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Specific Forging Pressure (10° psi) 











5 4 2 2 | 0 
Billet Thickness (inches) 


Fig. 7—Specific Forging Pressure Versus Thickness 
for J-1 Alloy (Mg + 6Al + 1Zn) at 700 F with Press 
Speed of 35 In./Min. 3%-inch diameter by 5-inch high 
billet. 


APPLICATION TO MAGNESIUM FORGINGS 


sy upsetting extruded rounds of the various magnesium forging 
alloys, pressure stroke curves were obtained and from these graphs 
of Ky versus per cent reduction were calculated by means of Equation 
2. Fig. 7 is a pressure stroke curve for upsetting a 37¢-inch diameter 
by 5-inch high cylindrical billet of Dowmetal J-1 magnesium alloy at 
700 F with a press speed of 35 in./min. and colloidal graphite lubri- 
cation. The K, values for the same conditions were previously shown 
in Fig. 3. 
The forging force was calculated for the aircraft links shown 
in Fig. 8 forged to various thicknesses and was compared with ex- 
perimental data. The comparison of data is shown in Table II. 


It may be seen that the agreement between theoretical and cal- 
culated values is quite good. 
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The comparison of calculated and experimental forging 


Fig. 8—Aircraft Links. 
forces for this part is given in Table 





Table Il 








Comparison of Actual and Calculated Forging Force for Part Shown in Fig. 8 
Calculated Force Actual Force 
No. Tons Tons 
2 200 200 
3 300 312 
4 400 470 
5 500 518 
Appendix 


DERIVATION OF EQUATIONS FOR ForRGING FORCE 


For frictionless compression the force would simply be equal 
to the deformation resistance, Ky, times the projected area. In thin 
sections, however, the force required is greatly increased by the fric- 
tion of the metal against the press plates. 

In compressing a plastic mass between flat plates, where the 
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length is large in relation to the width so that flow is unidirectional, 
the force will be distributed across the press plates as shown graph- 
ically in Fig. 9. If we take a small element dx wide at a distance x 
from a free surface, shown in Fig. 10a, and make a free body sketch 





Fig. 9—Distribution of Stress in Pressing Be- 
tween Flat Plates. 


of this element as shown in Fig. 10b, we have, equating the sum of 
the horizontal forces to zero: 


2uP.dx + Pat — (Pa +dPrn) t =0 


Where: Pe = compression force on the press plates 
Pe: = pressure required for horizontal flow 
dP+s; = the small increment of Pr: 


or 2uP.dx = dPrit 


But P, exceeds P;; by the deformation resistance, K, 
or P. — Pe + Ke 
Zu ( Pr: — K+) dx dPeit 
2u dPrn 
or — dx = ——_——_—. Equation la 
t Pei + Ke 


Integrating both sides of la we obtain 


Pe: = Ce*/* — Ke Equation 2a 
which is the general solution of la. 
In the case where surface A is a free surface, for the boundary 
condition, x = 0, P;; =O 


Q = Ce° — Kez 
C= Ke 
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'Pe 
(b) 


Fig. 10—Forces on Element of Forging. (a) Location of ele- 
ment with respect to free edge A. (b) Free body sketch of ele- 
ment showing forces. 


and equation 2a becomes 
Pe: = Ke (e**’* — 1) Equation 3a 
At any point, however, 
P. _— Ke + Pry 
and substitution in Equation 3a gives 
P. K re**"* Equation 4a 
Equation 4a is given as equation 1 in the text. 
Cylindrical Billet: 
Equation 4a is apparently valid for the condition of rotational 


symmetry, therefore the force, F, on the press plates for upsetting 
a cylinder of radius, r, and thickness, t 


. 
p= f (r — x) dxP-. 
Oo 
r ” 
=e 2r (r x) dxKee***"' 
© 
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t t 
FarK.~| ~ conn 1) -+| Equation 5a 
aL2pu 


To find an expression for the average specific pressure, P 


t t 
= Pret = aK, —| — (om —1)— | 








“wL2u 
t Rae 
P = K; — (erst — 1) — ] Equation 6a 
ru L 2ur 
t 
If we set C= 
2ur 


Equation 6a becomes 
P = 2KrC[C (e”* — 1) — 1] Equation 7a 


Die Forging Pressure: 

In Fig. 11 surface A is not a free surface but is subject to a back 
pressure P, from section F and Equation 2a will have the boundary 
conditions at surface A of x = O, Pr; = P, and solving for these 
boundary conditions 


Pei = Ke (&**’t — 1) + Pre**"* Equation 8a 
but P= Ke t+ Pri 


and the pressure at any point in section D, x distance from surface 
A, will be: 
P = (Ke + P,) e***"' Equation 9a 


The sum of the forces acting on section D over a unit distance ! 


will then be: 
y ; 
F = 2 f, PdA Equation 10a 
0 


where y is the distance from the point of maximum pressure to sur- 


face A. 
Substituting : 
y 
F= f,% + Py) e** 1dx 
0 
t 
1— (Ke + Pp) (e°"/* — 1) 


be 


but the area is equal to 2yl, therefore 





PRESS FORGING PRESSURES 


Fig. 11—Section Through Intermediate Sec- 
tion of Forging. 


t 
F=A (K;+ P,) (e&°’t —1) 
2uy 
F = A (Ke + P,) C (e”* — 1) Equation Ila 


t 
Where ih dinate 


2uy 

Equation lla is given as Equation 4 in the text. 

To use Equation lla it is necessary to know the back pressure 
P,. The back pressure is considered as the sum of the pressure P,’ 
produced by friction in the adjoining section of lower pressure and 
the pressure, P,”, necessary to extrude from a thicker section into a 
thinner section. 

The back pressure acting on section G in Fig. 11 due to friction 
in section D is simply P,; at surface S or from Equation 8a. 


Py’ = Ke” (e%72/"2 — 1) + Py, e*r2/t2 


P,’ = Ke” (eS? — 1) + Pp, e/*? Equation 12a 


Back pressure P,,” is the pressure required for extrusion. Siebel 
(6) gives the equation for frictionless extrusion. 


P, — Ke, Loge Ac 
A; 
Where: P. =specific pressure in container 
A. = original cross sectional area 
A; = final cross sectional area 
Kr, = average deformation resistance 


Equation 13a 


Sachs (8), however, says that K;, is larger than for other de- 
formation processes by a factor of approximately 2 (determined on 
extrusion of brass). He attributes this to the very nonuniform 
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Fig. 12—Part Used for Studying the Effect of Flash Dimensions. 


deformation obtained in extrusion. Adding this factor to Equation 
13a and substituting terms: 


Ke’ + Ke” til 
P,” = ——_—_—— } Log. 
2 tal 





ts 
or Pi” = (Ke’ + Ke”) Log. — Equation l4a 
ts 


Adding Equations 12a and 14a 


P, = Pp, e/*2 + Ke” (eS? — 1) + (Ke’ + Ke”) Loge us Equation 15a 
2 : 
Equation 15a is given as Equation 5 in the text. In the case where 
t, = t, there is no pressure required for extrusion and the last ex- 
pression of Equation 15a drops out giving Equation 6 of the text. 


NOMENCLATURE 


A = projected area 


t t 
C —— or — 


2uy 2pr 
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e = Napierian base (2.718... .) 

F -= forging force 

K, = deformation resistance of the metal 

K,’ = deformation resistance in Section 1 of higher pressure 
K,” = deformation resistance in Section 2 of lower pressure 
Ky, == average deformation resistance in extrusion 

P, = pressure on compression plates 

Pe; = pressure required for flow, parallel to the plates 


P, = back pressure from adjoining section 

r = radius of cylindrical billet 

t == thickness, or distance between press plates 

y = distance of metal flow from point of maximum pressure to 
edge of section 

pw» = coefficient of friction 

1,2, D, E, F, ete., when used as subscripts refer to a particular 


section of the forging 
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DISCUSSION 


Written Discussion: By John Alico, Briarcliff Manor, N. Y. 

Apparently the authors of this paper assume that the temperature through- 
out the forging operations, as described by them, is constant. Temperature in 
any metal deformation process is an important factor and should be considered. 
In press forging operations, the exposure of large surface areas such as die faces 
and the exterior of the forging stock would indicate a rapid loss of heat between 
the time the forging stock is placed in the press and the time when forging 
begins. Consideration of this loss of heat as a variable may tend to reduce the 
+ 20% error in the accuracy of the calculated force as outlined by them. 
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The authors note the drop in deformation resistance from 10 to 50% 
reduction for the J-l and QO-1 alloys and state that this is due in part to 
developed heat. It would be interesting to plot a graph showing the relationship 
between the drop in the resistance to deformation and rise in temperature. Of 
course, there is a limit to how high this temperature can be, particularly in the 
case of magnesium alloys because of their tendency to hot-shortness. 

The authors should be complimented for their analysis of the problem and 
the simplicity with which they presented this analysis. 


Authors’ Reply 


Certainly, as shown by Figs. 2 and 3 of the paper, temperature has a very 
important effect on the deformation resistance of metal and consequently on the 
forging pressure. Since the die and metal temperatures can be taken into 
account when the deformation resistance is determined, the usefulness of the 
calculations is not impaired. Figs. 2 and 3 were obtained with the same die 
and metal temperatures. 

Upsetting a billet of magnesium + 8.5% aluminum + 0.5% zinc, 50% at 
600 F results in a theoretical temperature rise of only 30 to 40 F even if there 
were no heat loss whatsoever. Examination of Fig. 2 will show that this rise 


is insufficient to account for the drop in deformation resistance which occurs 
between 10 and 50% reduction. 





PLASTIC DEFORMATIONAL ANALYSES ON PURE 
MAGNESIUM 


By Louis A. CARAPELLA AND WILLIAM E. SHAW 
Abstract 


Plastic deformational effects on pure polycrystalline 
magnesium metal were investigated according to the ball 
indentation methods proposed by Meyer and Hargreaves. 
Empirical indices defining both work hardening and 
plastic flow properties have been evaluated under several 
conditions. 

Unlike most metals, the results from tests on mag- 
nesium rod showed a definite departure from the Meyer 
law at high loads. Even the Hargreaves plastic flow 
coefficient exhibited an anomalous behavior within this 
range. Tri-dimensional stress components induced by the 
ball indenter at high loads on a polycrystalline system 
having a large degree of preferred orientation is the pro- 
posed explanation. 

That plastic flow of magnesium metal can be aug- 
mented through the action of a supplemental flow mecha- 
nism has been disclosed. Effects from this and other 
sources on the technical hardness values of magnesium 
metal under the Brinell and Meyer tests have also been 
considered. 


INTRODUCTION 


HILE the fundamental behaviors of magnesium single crystals 

to deformational stresses have been relatively well established 
from the outstanding experiments of Schmid and collaborators (1),! 
and of Bakarian and Mathewson (2), there is, however, a scarcity of 
recorded information concerning the nature of polycrystalline mag- 
nesium metals subjected to similar stresses. The present investigation 
was therefore undertaken to augment the existing knowledge on the 
deformational characteristics of wrought magnesium metal and to 

; 1 The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society, held in Atlantic City, November 18 to 22, 1946. The authors are Senior 
and Junior Fellow. respectively, on the Multiple Fellowship on Magnesium at 
Mellon Institute of Industrial Research, Pittsburgh. Manuscript received June 
29, 1946. 
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establish some empirical indices by which to define polycrystalline 
behaviors under specified conditions of stress. 

Of the many possible approaches to plastic deformational studies 
of metals, the methods proposed by Meyer (3) and Hargreaves (4) 
were selected for reasons of accuracy and simplicity. It was possible 
to evaluate the index of work hardening by the former method and 
the index of plastic flow by the latter method of analysis. Such vari- 
ables as magnitude of load, mode of loading, time, and grain size have 
been systematically analyzed. From this research certain indices and 
other relationships have been established by which the plastic deforma- 
tional nature of magnesium may be defined. 


EXPERIMENTAL DETAILS 


The original Meyer analysis involved the application of a load onto 
a ball penetrator for a specified time interval followed by the measure- 
ment of the diameter of the recovered impression. Next the ball was 
placed concentrically in the previous impression whereupon a larger 
load was applied for the same time and again, upon the removal of 
the load, the size of the impression was measured. This procedure 
was continued within the limits, 0.1 << d/D < 1, where d is the re- 
covered diameter of the impression and D the diameter of the ball 
penetrator. Inasmuch as an integrated effect was accomplished by this 
method, a single specimen was required for a complete test involving 
constant time of loading.” 

In order to isolate any integrated effects, a modified procedure 
was followed in the present work in which a single unstrained specimen 
was employed for each load-time test.* Apart from this modification, 
the data were subjected to a similar analysis. 

For the Hargreaves analysis dealing with the effect of the load 
duration on the recovered diameter, two different procedures were 
employed, one involving the use of an unstrained specimen for each 
time-load test, and the other the same specimen for each load test with 
variation in time. 

A Brinell hardness testing machine calibrated by the Pittsburgh 
Testing Laboratory and a 10-mm tungsten carbide ball penetrator* 
were used throughout this work. A total of eight different loads, 
varying from 250 to 3000 kg, and five load durations of 15, 30, 60, 


*This procedure is designated as integrated load-time test throughout this paper. 
* For this modification, the term direct load-time test is used. 


* The average of five measurements made at different positions on the ball was 0.39368 
+0.00003 inch (or 9.9995+0.0008 mm). 
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120, and 180 seconds were employed. All recovered diameters were 
measured with a traveling microscope accurate to + 0.002 mm. The 
average of four measurements made at 45-degree intervals along the 
diameter of an impression was selected as the final value. 
Specimens from extruded magnesium rods around 1.8 inches in 


diameter were employed. The composition of the material was as 
follows: 


Per Cent 

I A ais ond ok a aches oalatchiin ow 0.002 
Tc ns wpe Cheb es o'yod «dae oun 0.007 
EET eT Peer e Teer Te 0.03 
eS aia. chi 4 sooo 69 dua 0.04 

PU CEEMEL. cp cevcs cvewcueees sud 0.001 
Ries Cas vidu-ce baadest 0.001 

IL bs be es'eecaecées Balance 


OTHER Factors AFFECTING THE ANALYSES 


The factors which might affect the analyses under consideration 
have been critically reviewed by O’Neill (5). Of utmost importance 
to this particular investigation are the following variables : 


(a) Composition 

(b) Residual stresses 

(c) Crystal orientation 

(d) Grain size 

(e) Testing temperature 

(£) Specimen dimensions 

(g) Deformation of ball penetrator 

(h) Rate of loading 

(i) Normality of test surface to load axis, and 
(j) Duration of load. 


The variable of composition was fixed by selecting pure mag- 
nesium. All specimens were subjected to a stress-anneal treatment 
after polishing and etching the testing surface by heating at 200 C 
for 1 hour; they were therefore rendered stress-free. 

Owing to the fact that, according to Morell and Hanawalt (6), 
a strong tendency for directionality of crystal orientations exists in 
extruded magnesium bars,® all tests were conducted on surfaces 
normal to the extrusion axis. Consequently the mechanism of plastic 
deformation was somewhat fixed in all tests. The grain size was 
kept constant in all cases except where its effect was directly investi- 





‘They observed that in extruded magnesium bars the basal planes of hexagonal crys- 
tals tended to orient themselves parallel to the direction of extrusion, while other crystal- 
lographic planes had a more or less random distribution about the main axis. 
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gated. For this study a number of fine grain specimens were 
coarsened by heat treatment to give a wide range of grain sizes. 

The remaining variables deal essentially with testing conditions. 
All tests were conducted at around 25 C. This factor was maintained 
constant, for temperature is known to have a profound influence on 
the plastic nature of metals, especially within the recrystallization 
range. Specimen size is also very important in attaining true plastic 
behaviors. The dimensions should be such that neither bulging on 
the sides nor “mark-through” at the bottom is experienced in the 
test specimen. The size factor has received considerable attention, 
notably by Moore (8), by Petrenko and coworkers (9), and by 
Rajakowicz and Maier (10). They have generally agreed that errors 
from this source may be avoided under these conditions: 


(a) Specimen thickness should be at least 7 times 
the depth of the ball impression ; 

(b) Distance between the impression and the edge 
of specimen should be at least 2 times the 
diameter, and 

(c) Distance between impressions should be at 
least 4 times the diameter. 


Throughout this work specimens with about 1.8 inches in diameter 
and 1.5 inches in length were employed. No evidences of bulging or 
extrusion effects were noted on any specimen after testing. 

To avoid any incongruent effects on impression diameters result- 
ing from unduly great distortion of the ball penetrator, especially at 
very high loads, a tungsten carbide ball was installed on a testing 
machine. Considering that the tungsten carbide has a Young’s modu- 
lus E= 79 & 10® psi compared to E = 6.4 & 10° psi for magnesium, 
errors from this source may be regarded as insignificant. 

The effect of load-rate was examined by Petrenko and associates 
(9) and found to be immeasurable for loading rates up to 500 kg per 
sec. on most metals. Special care was taken in this work to conform 
with that limitation. 

Errors due to the lack of normality between the load axis and 
test surface of a specimen were also investigated by Petrenko and 
associates (9). The disparity of this factor was considered small, 
provided the angle between the load axis and the normal to the test 





*In all tests, except where specified, specimens having an average grain size diameter 
of 0.0010 inch were employed. The grain sizes reported herein were determined from repre- 
sentative photomicrographs according to the following formula suggested by Jeffries (7): 


d= V A/M®G, where d is the average grain diameter, and G the number of grains in area 
A at a linear magnification of M. 
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surface did not exceed 2%. In this research all specimens were care- 
fully machined with test surfaces normal to the load axis.’ 

The factor of load duration depends on the magnitude of the load 
and the nature of the material under test. As already mentioned, this 
effect will be considered under the Hargreaves analysis. 


ANALYSIS OF EXPERIMENTAL DATA 


Meyer Analysis—The Meyer analysis of the data derived from 
the procedures described involved the use of this relationship: 


L=ad Equation 1 
or log L=nlogd + loga Equation 2 
where L = applied load 


d = recovered impression-diameter 
n = constant (or index of work hardening ), and 
a = constant (experimental). 


The most probable values of the Meyer constants, n and a, were 
obtained analytically by the method of least squares (12), which was 
applied to data obtained from both the integrated and direct load-time 
tests. 

In considering the over-all data, the present results showed the 
residuals®* in every case to vary according to a regular curve instead 
of the usual random fashion. The maximum variation was about 4% 
and it occurred at around 1350 kg.® Inasmuch as this disparity is far 
in excess of any experimental error, it can only indicate that the 
over-all data conform none too well with the Meyer equation (see 
Equation 1). ‘This departure is also apparent in the graph depicted 
by Fig. 1. 

Further study of our results revealed the Meyer equation to hold 
within 0.5% in every case between two load-ranges, one from 250 to 
1500 kg and the other from 1500 to 3000 kg. The Meyer constants 
differed, naturally, for both ranges. All data, therefore, were analyzed 
within the two ranges already discussed and in the over-all condition 
for a specified time test. The results from the integrated load-time 
tests are set forth in Table I and from the direct load-time tests in 
Table IT. 


Grain Size Effects—The influence of grain size on the Meyer 


* As a point of interest it can be mentioned that Templin (11) in his work with light 
metals was unable to detect any effect trom lubricants present on test surfaces under the 
Brinell tests. 

* Residuals imply the differences between calculated and observed impression-diameters. 


* This deduction was made from a graphical plot of the residuals against the testing loads. 
The actual curve was approximately parabolic. 
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| n=2.32 (Line AB) 
7.0 r~ n= 1.96 (Line CD) 
n=2.16 (Overall) 





3.0 


Recovered Diameter in Millimeters 





ao: & 
250 500 750 1000 i500 2000 3000 
Load in Kilograms 





2.0 


Fig. 1—Departure from the General Meyer Law under 
the Integrated Load-Time Tests for a 180-sec. Increment on 
Annealed Extruded Magnesium Rod. (Average grain size di- 
ameter = 0.0010 inch.) 


constants was also studied over a relatively wide range of grain 
diameters. For this work the integrated load-time testing with a 180- 
second time increment was employed. These data were likewise fitted 
analytically to the Meyer equation under the three conditions already 
discussed by the method of least squares. The results are presented 
in Figs. 2 and 3. 

Hargreaves Analysis—The Hargreaves analysis, on the other 
hand, considers the relationship between diameter and duration of 


Table |! 


Meyer Constants, a and n, for Annealed Magnesium Rod Under 
integrated Load-Time Tests for Various Time Increments 





(Average Grain Size Diameter = 0.0010 Inch) 














Time rer Load Ranges in Kg————— —— — 
Increment 7250 to 1500—, " 1500 to 3000——, -— 250 to 3009— 
(sec. ) aw n a10 n aro n 
15 20.0 2.30 36.3 1.98 24.4 
30 19.6 2.30 33.8 2.00 24.7 
60 19.2 2.30 37.8 1.94 24.1 
120 17.8 2.32 33.7 1.98 22.8 


180 17.7 2.32 34.7 1.96 22.9 
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Fig. 2—Effect of Grain Size on the Meyer Constant, n, under the 
Integrated Load-Time Tests for a 180-sec. Increment on Annealed 
Extruded Magnesium Rod. 


40 ett tot 


| | | 
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Fig. 3—Effect of Grain Size on the Meyer Experiment Constant, 
a, under the Integrated Load-Time Tests for a 180-sec. 


Increment on 
Annealed Extruded Magnesium Rod 


Table Il 


Meyer Constants, a and n, for Annealed Magnesium Rod Under 
Direct Load- Time | Tests for Various (Total) Times 





( Aver age Gr ain Size Diameter — 0.0010 Inch) 
Total ~- = Load Ranges in Kg —___—_—— — 
Time —-250 to 1500-—, —1500 to 3000— —250 t })—_— 
( sec.) aio n 410 n a10 n 
15 20.5 2.29 28.6 2.11 23.1 2.22 
30 21.2 2.26 27.4 2.12 22.6 2.23 
60 19.9 2.30 36.4 1.99 23.0 2.21 
120 18.5 2.33 34.9 2.00 22.2 2.22 
180 19.1 2.30 30.4 2.05 22.6 2.19 
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Fig. 4.—Infiuence of Load-Duration on the Recovered 
Diameter for Various Loads under the Direct Load-Time 
Tests on Annealed Extruded Magnesium Rod. (Average 
grain size diameter — 0.0010 inch.) 


loading. Accordingly, 


d = kt§ Equation 3 
or log d = S log t + logk Equation 4 
where d = recovered impression-diameter 

t = time 


S = constant (or index of plastic flow), and 
k = constant (experimental). 


This logarithmic expression has been found to hold in many 
instances within the range from 5 to 1200 seconds of loading time. For 
much longer times the equation, according to O’Neill (5), is not 
always valid. In order to obtain the most probable values of the 
Hargreaves constants, S and k, the data were all fitted analytically to 
the above equation by the method of least squares. The constants for 
various loads along with a plot of the experimental data are given in 
Fig. 4. They are also illustrated in Fig. 5 for the various loads. The 
experimental constant, k, was found to vary with load according to 
this equation: 

L = 21.65 k*™. Equation 5 

This expression is similar to the Meyer equation, which should 
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Fig. 5—Influence of Test-Loads on the Hargreaves Constants, S 


and k, for Annealed Extruded Magnesium Rod under the Direct 
Load-Time Tests. (Average grain size diameter — 0.0010 inch.) 


not be at all surprising, inasmuch as k may be regarded under these 
conditions as the value of the diameter of an impression produced by 
a load acting for 1 second on a 10-mm ball. No simple relationship 
could, however, be established for the plastic flow index curve. 
Loading Effects—To study the effect of the mode of loading on 
the Hargreaves constant S (plastic flow index), three different pro- 
cedures were followed, all involving a 1000-kg load. The first em- 
ployed a single specimen for each time of loading (direct load-time 
test). In another, a single specimen was used for the entire run and 
the diameters were measured at different times under load with an 
Ames depth measuring gage,’® as shown in the set-up illustrated in 





~The diameter was computed from the equation d = 2 Vh(D — h), where D = diameter 
of the ball penetrator and h the depth of the impression. 
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Fig. 6—Set-Up Illustrating the Test Confirming the Hargreaves Law 
on Annealed Extruded Magnesium Rod with a 1000-kg Test Load and 
an Ames Depth Measuring Gage. 
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Fig. 7—Influence of the Mode of Laaeing, on Hargreaves 
Plastic Flow Constant, S, for Annealed Extruded Mag- 
nesium Rod. (Average grain size diameter — 0.0010 inch.) 


Fig. 6. For the third procedure the integrated load-time method was 
adopted in which the same specimen was used and the loading time 
was-considered additive after each measurement of diameter. The 
results from the three different tests are presented in Fig. 7. 


DISCUSSION OF RESULTS 


Wherever magnesium crystals are subjected to deformational 
stress they undergo plastic flow which proceeds by two fundamental 
mechanisms, i.e., slip and twinning (1), (2). Slip or gliding takes 
place at atmospheric temperatures'* along the basal plane (0001) 
and in the direction of closest packing of atoms [1120] (digonal 
axis 1). Twinning, on the other hand, occurs along the pyramidal 
plane (1012) and about a possible [1012] twinning axis with rapidity 
by well-defined shearing movements of adjacent atomic planes. 
Mechanical twinning is regarded as a supplemental operation, for by 
its action slip planes are brought into favorable orientations for 


42 At higher temperatures other slip planes within the magnesium lattice become operative 
(see particularly references 2 and 6). 
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further deformation. Slip is, therefore, the primary mechanism for 
plastic flow. 

Meyer Analysis—Work hardening is the resistance which a 
metallic system develops to further slip. Under the Meyer analysis’* 
the resistance is evaluated by the index, n, which actually defines the 
rate with which d varies with L (see Equation 1) and is unique of 
the metal under test. In fact, experimental findings (5) conclusively 
show that the progressive cold working of originally unstrained 
metals tends to decrease their n-values, and, under severe deforma- 
tions, the Meyer index becomes equal to 2. Therefore (n—2) may 
be considered as a measure of the work hardening capacity. 

Contained in Tables I and II are n-values as determined under 
various experimental conditions. Three different n-values are listed 
for each test run. The reason for this listing was disclosed in an 
earlier discussion in this paper where it was pointed out that the 
Meyer relationship failed to hold over the entire load-range (see 
Fig. 1), but instead held with a closer agreement over two separate 
load-ranges. The point of departure occurred generally around 
1500 kg. 

An examination of our data reveals that magnesium has a larger 
work hardening capacity in the lower load-range (250 to 1500 kg) 
than in the higher range (1500 to 3000 kg). Actually the n-values 
for the higher range are around 2 or less. The over-all treatment 
of the data gives an intermediate value of the work hardening capacity. 
For comparison some Meyer constants from other sources are given 


in Table ITI. 


Table Ill 





Meyer Constants for Pure Magnesium 
aio n Source 
26.2 2.29 Mahin and Foss (13) 
21.9 2.18 Krupkowski (14) 
18.1 2.35 O'Neill (5) 


Of supplemental interest is the fact that a linear relationship 
results where the Meyer constants from the low, high, and over-all 
load ranges are plotted as shown in Fig. 8. Only the data for the 
180-second load duration are presented in the figure. Similar curves 
also exist for other data but differ only in the values of the constants, 
bandc. The relative positions of the corresponding curves for the 


12 The analysis holds only for ball indentors and not for cone or pyramid penetrators. 
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General Equation: 
l/a=bnec 
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Fig. 8—Relationship Between the Meyer Constants, n and 
a, for Annealed Extruded Magnesium Rod under Two Modes 
of Testing. (Average grain size diameter = 0.0010 inch.) 


two methods of testing are generally displaced, as shown in Fig. 8. 
An explanation for this difference may be contained in the postula- 
tion advanced by Dorn and Thomsen (15) to account for the anoma- 
lous effects on the apparent elastic modulus of magnesium. They 
assumed that “retwinning” tends to occur as soon as the compressive 
stresses are relieved. The effect of this factor may be introduced 
only in the cases of the integrated test procedures for which the same 
specimen is employed during the entire run. 

While the results from the two test procedures show compara- 
tively little or no effect on the n-values in the lower ranges, some 
differences are evident in the other ranges. These observations 
suggest that another factor may be introduced in the mode of plastic 
flow at the higher load-range, which evidently must depend on both 
the magnitude of load and procedure of loading. More attention to 
this factor will be given later. 

Variations in the Meyer constants can also occur through changes 
in the grain size of the metal. An attempt was made to evaluate this 
effect on extruded magnesium rods having a wide range of grain sizes ; 
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the results are set forth in Figs. 2 and 3. The general indication 
appears to be that the finer grain size aggregate gives a lower n-value 
and higher a-value than the coarser grain specimen, irrespective of 
the load-range. This deduction is in agreement with the findings 
of Norbury (17) in his work with copper. The general behavior may 
be explained by the fact that, as the polycrystalline metal ap- 
proaches the conditions of a single crystal, it becomes relatively more 
plastic, for boundary effects due to adverse orientation of adjacent 
grains are diminished. 

Regardless of the testing procedure, the load maintenance time 
factor generally introduced no significant effects on n-values but 
showed some changes in the a-values. The general trend seems 
for the a-values to decrease with time. According to Kurth and 
others (5), this trend appears to be a general rule for most soft 
metals at room temperature. At elevated temperatures, and espe- 
cially in the plastic range, pronounced changes in the Meyer con- 
stants can be expected. For this investigation, however, the effect 
of temperature was regarded nonoperative inasmuch as all deter- 
minations were conducted at around 25 C. 

Hargreaves Analysis—Resistance to plastic flow under a con- 
stant load was considered in the light of the Hargreaves analysis. 
Our results along with derived Hargreaves constants are presented 
in Fig. 4. A further treatment of the data is illustrated by Fig. 5. 
There are two direct deductions which can be drawn from this study, 
namely : 

(a) The constant, k, is directly related to the 
applied load, and 


(b) The plastic flow index (S) curve is some- 


what parabolic in shape, having a minimum at 
around 1000 kg. 


The first deduction is explained on the basis that the k-values may 
be considered as impression-diameters produced by a load acting for 
1 second on a 10-mm ball and therefore they satisfy the Meyer rela- 
tionship (see Equations 1 and 5). Furthermore, the constants are 
in the proper relation with those given in Table II. The second, 
however, shows the rate of plastic flow to decrease sharply and then 
increase for loads greater than 1000 kg. This condition suggests the 
operation of a supplementary mode of plastic flow. 

The plastic flow rate as measured by the Hargreaves index, S, 
is also susceptible to the method under which the test is conducted 





1947 PLASTIC ANALYSES ON PURE MAGNESIUM 743 


Load 


WLLL 


< 










Ball Diameter |Omm. 


aon 


1500 to 3000 kgs. 
Commercial 
Hardness Wo -2>-------- >: 


Testing Limits KU 
r , J : of. a i 3 
/ J. ; Specimen “/////, L 

/ ; Vj ty 3 LA ff J 7 A f Af ff, Uf 


Fig. 9—Illustrating the Zones of the Ball Indentor Employed for 
Plastic Analysis and for Commercial Hardness Testing. 


B 





250 to I500 kgs. 


(see Fig. 7). Three different procedures were employed with a test 
load of 1000 kg; two gave the same results and the other differed 
markedly. In the case where a greater rate resulted, a single speci- 
men was used. Normally about 15 minutes elapsed between each 
application of load, during which time interval, or upon the release 
of loading, some “retwinning” might have occurred to account for 
the difference.** Owing to the very nature of the other tests, this 
factor had no influence on their results. The importance of this 
study is brought out by the fact that a greater plastic flow may be 
attained in magnesium by the intermittent applications of a given 
load than by the continuous action of it over the same period of time. 


OTHER RELATED EVIDENCES 


Under the action of the ball penetrator, magnesium metal ex- 
periences a “‘sinking-in’” type of impression. From an extensive 
survey of ball impressions, Norbury and Samuel (17) concluded 
that “sinking-in” indentations are characterized by metals having 
considerable ability for strain hardening. Heyer (18) in his work 


13 No measurable changes were noted in the impression-diameters during this interval of 
time. 
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with magnesium alloys confirmed this view and developed further 
that this type of an impression resulted essentially from relatively 
large underlying shear deformation."* 

In the light of our experimental findings, it seems that a modified 
stress pattern might be introduced by the ball indenter for loads 
greater than 1000 kg (or for d/D values greater than 0.52). By 
referring to Fig. 9, it can be seen that the tri-dimensional stress pat- 
tern must change continuously as the ball indents the specimen (or 
as the ratio, d/D, increases with load). The resultant behavior for 
metals under this action is defined normally by the Meyer relation- 
ship (see Equation 1). But unlike most metals the response of 
extruded magnesium rod to this change does not follow the Meyer 
law throughout the entire loading range. Even the Hargreaves 
plastic flow coefficients exhibit an unusual behavior within the same 
range. 

Depending on the nature of the resolved stress components, 
twinning may or may not take place in certain magnesium crystals 
during plastic flow. Bakarian and Mathewson (2), in their work 
with single crystals, noted that twinning caused crystals to extend 
in the direction of the hexagonal axis and to contract in the direction 
of the basal planes. 

Our testing procedures in most instances were somewhat favor- 
able to twin formation, for it has been established that to a large 
extent the basal planes of crystals within an extruded bar are parallel 
to the extrusion axis (6). Therefore, axial compression along this 
axis will introduce similar stresses in the direction of the basal 
planes. But complexities arise in that pure axial compression is not 
experienced by the entire system as the ball indents the surface. 

In the final analysis of these anomalies, our findings suggest 
the operation of a complex mechanism which must take into account 
the fact that changes in tri-dimensional stress patterns or resolved 
stress components produced by ball indentations cause slip and twin- 
ning (and possibly retwinning) to proceed within a polycrystalline 
aggregate having a large degree of preferred orientation. Moreover, 
the transition from general behaviors normally occurred around 1000 
to 1500 kg (and d/D ~ 0.6). 


DISCUSSION ON TECHNICAL HARDNESS 
As hardness measurements derived from ball tests are related to 


44 Tt should be mentioned here that this fact was concluded from diameter ratios (d/D) 
up to 0.52. The present work, however, deals with ratios between 0.29 and 0.95, inclusively. 
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the resistance a metal offers to plastic deformation, the factors 
already discussed have a direct bearing on such measurements. In 
this respect we are concerned with the Brinell test, commonly used 
for measuring the hardness of magnesium and its alloys. 

A number of Brinell hardness values were determined for pure 
magnesium metal from the test data and the following Brinell 
equation : 


L 2L 
H = —F [equation 6 
A wrD(D-—-VvVD*—d) 
wherein: L = applied load 
A = contact spherical area 
d = recovered impression-diameter, and 
D = ball diameter. 


a“ 
Mean Pressure (Meyer Hordness) 


oN chess 


oo 


Commercial 
Test Limits 
for |Omm. Ball 


Hardness Values - Kgs./Sq. MM. 
Recovered Diameter in MM. 


Note: Direct Time-Load Tests 
with 180 Second Load 
Duration Were Employed. 
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Fig. 10—Variation of Brinell and Meyer Hardness Values with Test- 


Loads for Annealed Extruded Magnesium Rod. (Average grain size di- 
ameter = 0.0010 inch.) 


The results for various testing loads are shown in Fig. 10. Two 
points of technologic importance are clear from this study: (a) the 
inherent hardness of the metal cannot be determined by this method, 
as evidenced by the variation in hardness values, and (b) a decrease 
in hardness values is experienced at higher loads in spite of the drastic 
work hardening sustained by the metal during the test. This decrease 
is actually attributable to the geometry of the spherical impression 
and not necessarily to any softening effects. 
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Table IV 
Brinell Hardness Values of Extruded Magnesium Rod Under Various Test Conditions* 


(Average Grain Size Diameter = 0.0010 Inch) 


Load 
Duration ————Testing Loads in Kg, 
(sec. ) 250 500 750 1000 
15 33.4 37.8 40.6 40.8 
30 32.2 37.0 39.7 40.1 
60 31.1 36.1 38.6 39.5 
120 30.0 35.2 38.1 38.7 
180 29.4 34.8 37.5 38.4 


*Direct load-time test procedure was employed for this study. 
The d/D-values varied between 0.30 and 5.5. 


To minimize this difficulty and to attain some standardization of 
test conditions (5), it has been proposed that for all commercial 
hardness testing d/D-values be kept between the limits of 0.25 and 
0.6. As illustrated in Fig. 9, a very small portion of the indenter is 
actually required for hardness testing. 

The influence of both the magnitude and duration of the testing 
loads on the Brinell hardness values of extruded magnesium, within 
the specified limits of d/D-values, is shown by the results contained 
in Table IV. An increase with testing load and a decrease with time 
in the hardness values are very apparent. Moreover, the rate of 
change in the hardness-time curves is greater in the beginning and 
becomes relatively small for load durations over 120 seconds. The 
data demonstrate further that the rate of change in the hardness-load 
curves gradually approaches a maximum at around 1000 kg. Con- 
sidering the two extreme hardness values in the table, a maximum 
difference of about 40% is evident. 

Obviously some uncertainties arise in deciding what Brinell 
hardness value should be assigned to the material under attention in 
so far as all values are within the specified limits of diameters. The 
selection is arbitrary, and for this reason it is necessary in reporting 
a single Brinell hardness value that the diameter of the ball, load, 
and time be specified, e.g., H4o/s00/180 == 34.8. 


Table V 


The General Effect of Grain Size on the Brinell Hardness Values 
of Extruded Magnesium Rod at Various Testing Loads 


Average 7~Meyer Constants*—, -—Testing Loads in Kgt—— 
Grain Size (in.) n aw 250 500 750 1006 

0.0010 2.30 17.0 29.9 32.0 32.9 33.3 

0.0230 2.36 15.0 28.5 30.9 32.3 32.7 


*These values were selected as the most probable ones from Figs. 2 and 3. 
tIntegrated load-time tests were employed with a 180-second time interval. 
The d/D-values varied between 0.32 dnd 0.59. 
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Table VI 


Meyer Hardness Values and Corresponding Loads for Annealed Magnesium Rod 
Under Integrated Load-Time Tests for Various Time Increments 





(Average Grain Size Diameter = 0.0010 Inch) 








Time —_——_—_——————— — Load Ranges in Kg ———_—_—_—________- 
Increment r——250 to 1500———, r————1500 to 3000— ‘ 250 to 3000-—— 

(sec. ) La Ha Lu Hu La Ha Lu Hu La Ha Lu Hu 
15 20.0 25.5 3990 50.8 36.3 46.2 3470 44.2 24.4 31.1 3610 46.0 

30 19.6 25.0 3910 49.8 33.8 43.0 3880 43.0 24.7 31.4 3490 44.4 

60 19.2 24.4 3830 48.8 37.8 48.1 3290 41.9 24.1 30.7 3410 43.4 

120 17.8 22.7 3720 47.4 33.7 42.9 3220 41.0 22.8 29.0 3370 42.9 
180 17.7. 22.5 3700 47.1 34.7 2 22.9 29.2 3310 42.1 


44.2 3160 40. 











Grain size influences the plastic behavior of magnesium metal, 
as illustrated in Figs. 2 and 3, and so similar effects can also be 
expected on Brinell hardness values. In order to ascertain some 
knowledge of the general effect of grain size on the hardness of 
extruded magnesium rod, Table V was prepared from the data in 
Figs. 2 and 3. Notwithstanding the fact that the testing procedure in 
this instance was different from that employed in obtaining the 
results recorded in Table IV, the general effect is apparent. Inte- 
grated load-time tests give lower Brinell hardness values than the 
direct tests for reasons already discussed (see also Fig. 7). 

In view of the existing shortcomings of the Brinell method 
Hoyt (19) and many others have suggested the use of the Meyer 
method for calculating hardness values. By this adoption, variations 
incident to the geometry of the spherical indentor are avoided, and 
the values actually represent the mean pressure or the true resistance 
to penetration. The Meyer hardness numbers are derived from this 
general equation, using the projected area and the applied load: 

L 
H = Equation 7 
7d 


4 








In Fig. 10 the mean pressure (or Meyer hardness) curve for magne- 
sium is shown as a smooth curve which increases continuously with 
load. This behavior reflects the actual increase in hardness from the 
progressive work hardening effect of indentation. 

The initial hardness (or the hardness corresponding to a slight 
amount of plastic deformation) may be evaluated from the load (La) 
required to produce a l-mm impression and Equation 7. This load 
was determined by extrapolating Equation 2 to log d —.0 analytically 
according to the data in Tables I and III. The results are presented 
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Table VII 


Meyer Hardness Values and Corresponding Loads for Annealed Magnesium Rod 
Under Direct Load-Time Tests for Various (Total) Times 


(Average Grain Size Diameter = 0.0010 Inch) 


Total (Load Ranges in Kg ——- —-— —-——_ 
Time —— 250 to 1500, c—— 1500 to 3000——, r-——250 to 3000, 
(sec. ) Le Ha La Hu La Ha Lu, Hu Le Ha La Ha 
15 20.5 26.1 4000 50.9 28.6 36.4 3680 46.8 23.1 29.4 3830 48.8 
30 21.5 27.4 3910 49.8 27.4 34.9 3610 46.0 22.6 28.8 3750 47.7 
60 3.9 23.3 Wr 30.5 36.4 46.3 3560 45.3 23.0 29.3 3730 47.5 
120 18.5 23.6 3960 50.4 34.9 44.4 3490 44.4 22.2 28.3 3690 47.0 
180 19.1 24.3 3810 48.5 30.4 38.7 3410 43.4 22.6 28.8 3500 44.6 


in Tables VI and VII. It is interesting to note that H,-values, in 
the lower test range, are approaching the “strainless’’ or “absolute” 
hardness value of 22 for annealed magnesium as determined by 
Mahin and Foss (13) by their removal method. It may be pointed 
out here that a hypothetical load necessary to produce a 1-mm im- 
pression with a 10-mm ball acting for 1 second may be computed from 
Equation 5, which corresponds to an H, value of 27.5. Actually 
this value should be approximately equal to the strainless hardness 
of magnesium, for it represents conditions of minimal flow and slight 
plastic deformation. 

The ultimate hardness corresponding to the initial hardness plus 
the maximum attainable plastic deformation with a 10-mm ball was 
determined from the load (L,) required to produce a 10-mm im- 
pression and Equation 7. For these values Equation 2 was extrapo- 
lated to log d = 1.0, and the results are contained in Tables VI and 
VII. Both mode of loading and time affect the hardness values 
within any given load-range. 

A single number, as Hoyt (20) has pointed out, fails to denote 
to what extent the hardness value is due to the intrinsic nature of 
the metal and to what extent to plastic deformation effect during the 
test. This fundamental information, however, may be obtained 
from the two constants, a and n, as derived under the Meyer analysis. 


SUMMARY AND DEDUCTIONS 


Plastic deformational behaviors of extruded magnesium rod 
have been investigated according to the Meyer and Hargreaves 
analyses. Certain basic indices were derived from which the capacity 
for work hardening and plastic flow could be evaluated under a num- 
ber of conditions. Such variables as magnitude of test load, duration 
of load, mode of loading, and grain size were all systematically studied, 
and their effects on the indices were also noted. 
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Unlike most metals it was found that extruded magnesium rod 
does not follow the Meyer law throughout the entire testing range. 
The departure seemed to occur around 1000 to 1500 kg (and 
d/D ~ 0.6) which is above the loading range used in Brinell testing 
of this material. Even the Hargreaves plastic flow coefficients showed 
an anomalous behavior within this range. A complex mechanism is 
suggested which must take into account changes in tri-dimensional 
stress patterns, or resolved stress components produced by ball inden- 
tations of high d/D ratios in a polycrystalline aggregate having a 
large degree of preferred orientation. 

Of supplemental importance was the observation that greater 
plastic flow at room temperature was obtained in magnesium metal 
by the intermittent application of a given load than by the continuous 
action of it over the same duration of time. This finding seems to 
support the theory of retwinning, the action of which is assumed to 
occur to a varying degree upon the sudden release of applied stresses. 

Some attention was also given to the technical hardness values 
of pure magnesium metal. The shortcomings of the Brinell test and 
the importance of load and time were discussed with special reference 
to magnesium. It was further pointed out that a single number fails 
to denote to what extent the hardness value is attributable to the 
intrinsic nature of the metal, and to what extent to plastic deforma- 
tion effect during test. But, of course, this significant mformation 
could be obtained from the two constants, a and n, as derived under 
the Meyer analysis. 
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DISCUSSION 


Written Discussion: By A. L. Norbury, Ministry of Supply, London, 
England. 

The writer believes that the type of nonagreement with the Meyer analysis, 
found by the authors, could result if the surface layer of a hardness specimen was 
softer than the interior. It was important to establish that the heating, at 200 C 
for 1 hour, had not produced this effect on the authors’ specimens. 

If (log aw) +n values were calculated for the results in Table A the 
effects of time and type of loading were more easily compared. 

It would be seen that the (log aw) +n values decreased very systematically 
with increase in time (suggesting, incidentally, that the results were very 
accurate) and nonsystematic variations with time of aw and n (due to variations 
in grain size, etc.) were eliminated. 
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Table A 
Time -~ Load-range 250 to 1500 kg. —, --Load-range 1500 to 3000 kg.— 
(seconds) a1 n (log aw) +n a10 n (log ajo) + 1 
Integrated Load-Time Tests 
15* 20.0 2.30 3.60 36.3 1.98 3.54 
30* 19.6 2.30 3.59 33.8 2.00 3.53 
60* 19.2 2.30 3.58 37.8 1.94 3.52 
120* 17.8 2.32 3.57 37.7 1.98 3.51 
180* 17.7 3.32 3.57 34.7 1.96 3.50 
Direct Load-Time Tests 
15T 20.5 2.29 3.60 28.6 2.11 3.56 
307 21.2 2.26 3.58 27.4 2.12 3.56 
60T 19.9 2.30 3.60 36.4 1.99 3.55 
120T 18.5 2.33 3.60 34.9 2.00 3.54 
1807 19.1 2.30 3.58 30.4 2.05 3.53 


*These values denote time increment. 
TThese represent total time. 


Systematic differences due to type of loading and between load-ranges 
were also clearly seen. 

Written Discussion: By R. L. Dietrich, Process Development Division, 
Magnesium Laboratories, The Dow Chemical Co., Midland, Mich. 

The work done in this paper has been very carefully carried out in such 
a way as to reduce the number of uncontrolled variables to a minimum, and it is 
certainly welcome as a contribution to the rather meager information on the 
plastic deformation of polycrystalline magnesium. 

I should like to point out one thing which I feel is rather important in 
connection with this paper, and that is that all of the work was done on 
surfaces normal to the extrusion axis, an orientation which is quite favorable 
for (102) twinning. Twinning on the (102) plane produces a rotation of 
86 degrees in the position of the basal planes, a position which is unfavorable to 
further deformation by slip on the basal or (002) plane which is of course the 
most active slip plane in magnesium. It would seem that much of the deforma- 
tion under the ball penetrator must take place by (102) twinning, particularly 
under the lower loads, and I would like to suggest that perhaps this is the 
cause of the discontinuity of the Meyer “n” values which the authors found. 

This suggestion should be easy to test by running a Meyer analysis in a 
direction less favorable for twinning, such as a surface parallel to the extrusion 
direction, and I would like to know whether or not the authors have any data 
of this type available. 

Written Discussion: By F. Hargreaves, Chemical Laboratory, Southern 
Railway, Eastleigh, England. 

The significance of the curious variation of plastic flow index with magnitude 
of load shown in Fig. 5 is not clear but there is evidently something critical in the 
value of the load between 1000 and 1500 kilograms. This as the authors mention 
is coincident with the change in value of the Meyer index “n” within this range 
as shown in Fig. 1. The relation L = 21.65k*™" (Equation 5) holds over 
the whole range of loading 250 to 3000 kilograms and this, as mentioned in the 
text, is just the Meyer relation applied to a duration of loading of 1 second. 
It is not clear why this holds for all the loads while the ordinary Meyer index 
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“n” has two values within the range of these loads. It would be of interest to 
explore the plastic flow within the range of loading 1000 to 1500 kilograms. 

In one of my papers” I suggested that the flow index “S” might be some 
measure of the rate of spontaneous annealing after cold working. In a further 
paper™ some values for copper were given for both the annealed and cold-worked 
conditions. The flow index “S” for annealed copper (0.0026) was less than 
one-tenth of that found for magnesium. It has recently been found” that fine- 
grained copper when severely cold-worked by reducing in thickness by 95% 
or more by rolling becomes completely annealed on standing at air temperature 
for about a year. 

The effect of mode of loading as shown in Fig. 7 is of great interest, the 
effect of unloading in the integrated time test being to increase the rate of 
plastic flow. It is to be presumed that spontaneous annealing is taking place 
and the effect of unloading is to accelerate this. This draws attention to the 
difference between a constant load and a variable load in relation to creep. 

Regarding the variation in Brinell hardness with variation in magnitude of 
load shown in Fig. 10, it is this behavior which was the reason for adopting in 
British Standard Specification 240 definite ratios of load to ball size. For a 
metal of the hardness of magnesium this ratio is 


Load in kilograms 


5 
(diameter of ball in millimeters )’ l 

Written Discussion: By Charles S. Barrett, professor, Institute for the 
Study of Metals, University of Chicago, Chicago. 

The fact that recovered diameters are larger with intermittent loading than 
with constant “direct” loading of the ball suggests that intermittent loading 
encounters effectively softer metal, or causes effectively higher stresses on the 
slip planes. ° 

The possibility that recovery is going on at room temperature to soften 
the metal either in the loaded or unloaded state, or in both, can be tested by 
varying the time schedules in the test and observing the resulting values, or by 
varying the temperature. Presumably the author is investigating this further. 

The possibility that there is a higher stress on the slip planes with inter- 
mittent loading should be looked into. This might come about during the 
intermittent unloading, as the author states, by twinning. One can speculate 
that some of the twins caused by applying the load are untwinned by releasing 
the load, or perhaps twinning occurs first upon unloading. In either case there 
will be sharp stress concentrations at certain twin edges, and local flow might 
occur there. Flow of this sort, which relaxes local stresses while the load is 
off, would increase the heterogeneity of stress when the load is reapplied. The 
result would be premature yielding upon reapplication of the load, hence 
abnormally large diameters of the indent. Metallography and X-ray diffraction 
could be used to test this idea, for twins can easily be detected. 


Journal, Institute of Metals, Vol. 39, 1928, p. 301. 
“Journal, Institute of Metals, Vol. 41, 1929, p. 257. 
4™M. Cook and T. L. Richards, Journal, Institute of Metals, Vol. 70, 1944, p. 159. 
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Written Discussion: By R. H. Heyer, supervisor, Metallurgical Labora- 
tory, Research Laboratories, The American Rolling Mill Co., Middletown, Ohio. 

Thoroughgoing expositions of the ball indentation hardness characteristics 
of a given material appear infrequently in the literature. The authors have con- 
ducted a comprehensive investigation of the hardness of pure magnesium. It is 
unfortunate that the work appears under a rather unrevealing title which will 
escape the attention of persons reviewing the literature of indentation hard- 
ness testing. 

The most important feature of this paper appears to be the information it 
gives on the effect that testing variables have on the technical hardness of 
magnesium. The necessity for specifying the load and duration of test is 
apparent from these data. In general, the results are applicable to other soft 
metals of high work hardening capacity. 

The departure from the Meyer load-impression diameter relationship has 
been observed by the writer in the case of austenitic stainless steels. The 
tendency is toward a higher rate of work hardening at the higher loads just 
as in the case of magnesium. This has been ascribed to a structural phase 
change in the austenitic steel. 

The authors state that the H, value of 27.5 for a 1-millimeter impression 
made with a 10-millimeter ball acting for 1 second should be approximately 
equal to the “strainless” or “absolute” hardness for magnesium, which was found 
to be 22 by Mahin and Foss. There is little basis for predicting the equality of 
these values and it can be shown that the H, value is actually much higher than 
the “absolute” hardness of the authors’ magnesium. 

Comparison of the values given below will show that the authors’ magnesium 
is considerably softer than that of Mahin and Foss. 


Meyer Meyer “Absolute” 
i 7 srinell Hardness Reference 
26.2 2.29 48 (1000 Kg.— 60 sec.) 22* Table III 
17.0 2.30 33.3 (1000 Kg.—180 sec. ) 15+ Table V 


*Mahin and Foss by “‘strainless indentation’’ method. 


*+From Carapella and Shaw data assuming the ‘‘absolute’’ hardness is proportional to the 


Meyer ‘‘a’’ constant. (This follows from appraisal of the data in Tables II and III of 
the Mahin and Foss paper.) 


Using a test load of 1000 kilograms, as in the Mahin and Foss tests on mag- 
nesium, the impression diameter corresponding to an “absolute” hardness of 15 
would be about 9.2 millimeters (compared with 7.6 millimeters for the Mahin 
and Foss annealed magnesium). Thus we are comparing: (a) A test in which 
a load of 1000 kilograms on a 10-millimeter diameter ball is sustained indefi- 
nitely without plastic deformation in a spherical indentation previously machined 
to a surface diameter of 9.2 millimeters, as against (b) A test in which a load 
of 17 kilograms on a 10-millimeter diameter ball is applied for 1 second to a 
flat surface, resulting in a permanent indentation diameter of 1.0 millimeter. 

In each case the hardness number is determined as the load divided by the 
projected area of the indentation. The “absolute” hardness, (a), is approx- 
imately 15 and the H, value, (b), is 27.5. 

Of the two methods of obtaining a hardness value with no appreciable strain 
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hardening, the Meyer procedure is the more practical. It requires indentations 
at two or more loads and some calculation, whereas the Mahin and Foss method 
requires machining of spherical indentations into the sample using cut and try 
methods to determine the proper size of indentation. Although confirmatory 
experimental data are lacking, it is probable that both methods yield values that 
are approximately proportional to the compressive yield strengths. 


Authors’ Reply ' 


The authors are indeed grateful to all those who have so kindly devoted 
their time and effort in discussing this paper. 

Dr. Norbury’s contribution is welcomed, and to which we would like to 
remark that the Norbury values, denoted in the table by the expression, 
(log aw) +n, are actually the logarithms of the ultimate loads under the 
conditions described, as this expression results from setting d= 10 millimeters 
in the Meyer equation. 

We agree with Dr. Dietrich on the importance of twinning actions in con- 
nection with deformational behaviors. Moreover, our theory is that the discon- 
tinuities occurring in the, Meyer “n” values within the range between 1000 to 
1500 kilograms or around the ratio d/D = 0.6 can be ascribed to changes in the 
stress pattern induced by the ball as it penetrated the surface of a metal having 
a high degree of preferred orientation. 

To be more specific about this point, let us direct our attention to the 
experimental findings of Schmid” in which the variation of proof stress over a 
range of orientations of magnesium crystals was investigated, the results being 
presented in Fig. 11. Obviously, it matters not whether the stress directions 
were made to change relative to the orientation of the crystal, or vice versa, 
the fundamental response to plastic deformation would remain unaltered. Not- 
withstanding the tact that these findings were the outcome of tensile studies, 
they, nevertheless, are related to compressive deformational results, for one 
is the complement of the other. 

As outlined in the paper, we have been concerned with results produced 
by the application of a compressive load through a spherical indenter onto a 
surface normal to the basal planes. Under this action, the applied load tends 
to resolve itself more and more into radial stress components as the indenter 
penetrates the surface. The consequence of this reaction is an array of stress 
directions having many different orientations relative to the basal planes and 
varying in magnitude of stress. Here results a compositive effect which, though 
complex in nature, approximates the simple behaviors depicted by Fig. 11. The 
contributing feature to the discontinuities in plastic flow constants under con- 
sideration is the wide difference prevailing in the results presented in this figure, 
the two extreme values being in the ratio of 6:1. One reason for not having, 
hitherto, reported similar discontinuities under the analyses considered may be 
attributed to the fact that investigations have been confined to metals wherein 
the differences between the two extreme values of the resolved shear-stress data 
were in the ratio of 2: 1, or less. 


BE. Schmid, Zeit. Elektrochem., Vol. 37, 1931, p. 447. 
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Fig. 11—Variation Proof Stress With Orientation of Magnesium 
Crystals at Room Temperature. 


The foregoing conjectures are also offered as an explanation of the point 
raised by Dr. Hargreaves concerning the variation of the plastic flow indices 
with magnitude of test loads. To his next question—why no discontinuity was 
reported in the Meyer analysis of the k-values (which values may be regarded 
as diameters produced by loads acting on a 10-millimeter ball for a duration of 
1 second), we would like to reply that a slight indication was detected but was 
too small to regard as significant. 

The suggestions of both Drs. Hargreaves and Barrett, as possible explana- 
tions to account for the increase noted in the plastic flow rate under the inter- 
mittent action of a load over that under the continuous application at room 
temperature, are certainly appreciated. Further experimentation on _ this 
unusual behavior is under progress and our results will be disclosed as soon 
as possible. 


That a departure in the Meyer relationship was also observed by Dr. Heyer 
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in the case of austenitic stainless steel is a fact of particular concern to us since 
it was said to parallel the one noted in our work on magnesium. While his 
observation was attributed to a structural phase change in the austenitic steel, 
we would like to mention that this explanation is not applicable to our findings. 

It was interesting to learn from Dr. Heyer’s table that our magnesium was 
softer than that employed by Drs. Mahin and Foss, but for the sake of con- 
sistency, a better comparison between the two Brinell hardness values can be 
had by selecting results determined under identical test conditions, i.e., 
H10/ 1000/60 = 48 (Mahin and Foss) and 39.5 (see Table IV) respectively. 

We realize the controversial nature of the subject dealing with “strainless”’ 
or “absolute” hardness, and, therefore, appreciate the comments Dr. Heyer 
offered. However, it is not clear to us why he has selected a value approx- 
imately equal to 15 as the “absolute” hardness of magnesium at room tempera- 
ture. It is our understanding that this value was taken from Table V, in which 
case it may be considered as the load required to yield a permanent indentation 
of 1.0 millimeter after acting for 180 seconds through 10-millimeter ball in- 
denter onto the surface of a material existing in the special condition described 
in the paper. Whereupon it follows that the Meyer hardness corresponds to 
19.1 and has the proper dimensions because it was computed by dividing the load 
by the projected area of the permanent indentation. By assuming that the 
“absolute” hardness is proportional to the Meyer constant, a, alone, Dr. Heyer 
arrived at a value which has only the dimension of load expressed in terms of 
kilograms; the projected area of the indentation should have also been taken 
under consideration. 

It is apparent that a true “strainless hardness” value cannot be obtained 
under the Meyer procedure, for by its inherent nature, permanent indentation 
diameters are required which, of course, implies straining the metal surface with 
a ball indenter. Our reason for suggesting that the H, value of 27.5 should be 
approximately equal to the “strainless” or “absolute” hardness of magnesium 
was predicated upon the condition that the data, from which the value was 
derived, represented a state of minimal plastic flow, insofar as the load was 
regarded as acting on a 10-millimeter ball for 1 second to yield a permanent 
indentation of 1.0 millimeter. 








FOLDING IN THE CUPPING OPERATION 
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Abstract 


A' theoretical and experimental investigation of the 
tendency of a blank to fold when drawn into a cup 1s re- 
ported. Copper, brass, aluminum in a hard and soft tem- 
per, and SAE 1008 steel ina soft temper were investigated. 
The effect of various die contours, reductions in diameter 
from blank to cup, and a wide range of blank thicknesses 
was studied. It was found possible, by purely theoretical 
means, to predict the tendency of a blank to fold if the 
stress-strain diagram of the metal is known. 


INTRODUCTION 


HE cupping operation consists in pushing a flat blank or disk 

of metal through a die, thus forming a hollow shape (Fig. 1). 
This operation sets up (among other stresses) a compressive “hoop”’ 
stress (Fig. 1). Because the upper face of the flange is unconfined, 
these compressive hoop stresses can form radially disposed buckles 
or waves (Fig. 2). To prevent this usually undesirable condition, 
some means of confining the upper face of the flange is employed: 
this involves the use of pressure applied to a hold-down plate or pad 
(Fig. 3). Even this expedient, when unjudiciously used, fails to 
stop buckling. Too generous die radi, for example, can prevent the 
hold-down plate from confining the flange over a large enough area 
to stop wrinkling. The effect of this factor, as well as many other 
factors affecting buckling when a hold-down plate is used, has been 
investigated a number of times (1) to (7).1 On,the other hand, the 
factors affecting the limits to which the cupping operation can be 
carried without a hold-down plate before buckling sets in have not 
been systematically investigated to the authors’ knowledge. 

Some meager description of the critical factors affecting folding 
when no hold-down plate is used can be found in the literature. 


1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, William 
M. Baldwin, Jr., is metallurgical engineer and Thomas S. Howald is research 
assistant, Midwestern Division, Chase Brass and Copper Co., Inc., Cleveland, 
Ohio. Manuscript received July 12, 1946. 
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Fig. 1—Upper Sketches Are Cross Sectional Views 
Showing the Cupping Operation. Lower cut-away sketch 
shows the compressive hoop stresses developed in the flange 
of the blank as it is cupped. 
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Fig. 2 
Formed in Flange by Compressive Hoop Stresses. 


Cut-Away Sketch Showing Nature of Buckles 


Crane (8) and Hinman (9) mention critical blank thicknesses below 
which folding will occur, but neither of the values is expressed as a 
function of metal properties, die contours, or reductions in diameter 
(i.e., R= (D, —D,)100/D, where D, = blank diameter, D, = cup 
diameter )—factors which might easily affect the critical thickness. 
Esser and Arend (7) developed an empirical equation to fit data 
which they obtained with annealed copper, brass and mild steel using 
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Fig. 3—Cut-Away Sketch Showing Use of a Hold- 
Down Plate to Repress Buckles. 





Fig. 4—Sketch Showing Di 
mensions Used in Geckeler’s Equa 
tion. 


a die with a small (but unreported) radius. Their equation converts 
to: 


R = 870 t./Do Equation 1 


where R is the maximum possible fold-free reduction in diameter 
expressed as a percentage, t, is the blank thickness and D, is the 
blank diameter. 

Jevons (10) gives no quantitative values of a critical blank thick- 
ness but does state that “different metals will exhibit a different sus- 
ceptibility to wrinkles .. . for example, aluminum is unusually liable 
to wrinkle badly”. 

The most thorough approach to the problem has been theoretical 
rather than experimental in nature. Geckeler (11) has carried out a 
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mathematical analysis for both the case where a hold-down plate is 
used and the case where no hold-down plate is used. 

For the latter case, Geckeler developed an expression giving 
the critical stress at which buckling will occur :* 


E.t’ 
Se = G—- Equation 2 
wheref =the width of the flange (see Fig. 4) 
t =the blank thickness 
Se =the critical stress in the flange at which 
folding will occur 
C, =a constant = 0.46 





and E, = buckling modulus’ il = — 
(VE + VP)’ 
where E = Young’s modulus 
and P = the tangent modulus or the slope of the stress- 
strain diagram of the metal in question. 


If the compressive hoop stresses naturally occurring during 
cupping are less than the critical stress given by Equation 2, then 
the cupping operation should occur without buckling; if they are 
greater than the critical stress given by Equation 2, then buckling 
will occur during cupping. 

Geckeler developed a second equation giving the number of 
waves or lobes into which the flange will buckle if failure does occur. 
This equation runs: 


r ae , 
n= C:F Equation 3 
wherer =the mean radius of the flange (see Fig. 4) 
C; =a constant = 1.65 
andn =the number of lobes 


It should be pointed out that the constants C, and C, appearing 


in Equations 2 and 3 are interrelated, i.e., 
yee? 
Ce = 7 
) 


The present investigation had a two-fold purpose: 1—it sought 
to develop some means of applying Geckeler’s equations to the prac- 





“In deriving these equations, Geckeler assumed that the metal at the inner edge of the 
flange, where it was bent over the die, behaved as if laterally supported. This assumption 
is of considerable importance in certain limiting conditions, as will be brought out later in 
the paper. 

®The buckling modulus, Eo, is used in the analysis of plastic collapse problems in an 
analogous manner to the way in which Young’s modulus, E, is used in the analysis of 
elastic collapse problems. Where the tangent modulus, P, equals Young’s modulus, E 
(i.e., where the metal is still in the elastic state), then the buckling modulus reduces to 
Young’s modulus itself. The derivation of the buckling modulus is given in such standard 
texts as Timoschenko “Strength of Materials,” Part II, 2nd Ed., p. 367 et seq., and 
Nadai “Plasticity” 3rd imp., p. 178 et seq. It has been used in the analysis of the plastic 
collapse of straight bars subjected to axial load by Engesser (12), Westergaard and Osgood 
(13), and von Karman (14) and of tubes subjected to radial pressure by Holmquist and 
Nadai (15). 
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Fig. 5—Sketches Showing How the Ratio of Blank Thickness, t, 
to Flange Width, f, Increases in Value as the Cupping Operation 
Proceeds. 


tical end where some prediction of the limiting reductions in diam- 
eter for fold-free operation could be made for given conditions of 
metal, temper, die contour, etc., and 2—to check the results of this 
theoretical work with experimental data. 


THEORY 


The application of Equation 2 can proceed more easily if it is 
slightly rearranged : 


Se + 
| ie 0.46 (‘) Equation 3 
In this case, the ratio of the compressive hoop stresses, sp, naturally 
occurring during cupping to the buckling modulus of the metal should 
remain less than 0.46 (t/f)? if buckling is to be avoided; 1.e., 
Sh t\? : ‘ : 
E. a (*) for no buckling Equation 4 
It should be noted that both sides of expression 4 do not remain 
constant throughout the cupping operation. For example, the ratio 
of the blank thickness to flange width, t/f, increases during the 
cupping operation. For the purpose of illustration, let us imagine 
a cupping operation carried out on a “‘flat’’ die, i.e., one in which the 
width of the flange will be half the difference in blank diameter 
and die diameter. This is illustrated schematically in Fig. 5. At 
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ce 0. 


RATIO Cto/fo)* 





40 10.0 j 
PERCENT REDUCTION IN DIAMETER OF OUTER EDGE OF BLANK ' 


Fig. 6—Graph Showing How the Square of the Ratio of t/f Varies aS a Func- 
tion of the Reduction in Diameter of the Edge of the Blank for Different Starting 
te/fo Ratios and Different Total Reductions in Diameter from Blank Diameter to 
Die-Hole Diameter. 


the start of the cupping operation, the ratio of blank thickness, tp, 
to the flange width, f,, will have a certain initial value which we may 
call t./f,. As the blank is drawn in during the cupping operation, 
the flange width is reduced.* Thus the ratio t/f now has a greater 
value than its initial value t,/f,. This trend is continued until the 
outer edge of the blank is drawn in to the edge of the die-hole, at 
which point the flange width is reduced to zero, and the ratio t/f 
assumes an infinite value. 

The values of t/f, shown in Fig. 5, have been squared and 
entered on log-log paper as a function of the reduction in diameter 
of the outer edge of the flange, giving curve A in Fig. 6. It is seen 





‘Actually, the thickness of the flange increases slightly during the cupping operation, 
but this has been neglected in the present example and subsequent discussions in the paper. 
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Fig. 7a—Stress-Strain Diagram as Determined by 
Tensile Test and Torsion Test on Soft Copper. 

that this curve has two asymptotes: the horizontal one lying at 
(t/f)* 0.01, which corresponds to the square of the starting value 
of this ratio; the vertical one lying at 10%, which corresponds to the 
total reduction in diameter of the outer edge of the flange. Also 
plotted in Fig. 6 are other curves for different starting ratios and 
different total reductions. It may be seen that in each case the curve 
is the same, the only difference being that it is transposed so that 
its asymptotes lie at the appropriate values of the square of the start- 
ing ratio and the total reduction. Curves giving the value of 0.46 
(t/f)* are exactly the same as those given here, except they are 
dropped vertically so that their horizontal asymptote is at 0.46 
(t,./f,)* instead of at (t,/f,).? 

Similarly, the ratio sp/E.)cupping Operating in the flange of 
the blank does not remain constant throughout the cupping operation. 
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Fig. 7b>—Slope of Curves Given in Fig. 7a as a Func- 
tion of Strain. 


The outermost fiber, 1.e., the ring of metal represented by the blank 
circumference, as it is drawn in, is subjected to a simple compressive 
hoop stress when no hold-down plate is used (cf. Sachs (16), Siebel 
(17), Fukui (18), et al.). If the stress-strain curve for the metal 
in tension is known, and if it is assumed that it is the same in com- 
pression as it is in tension, then the ratio s,/E,) cupping for this 
fiber may be plotted as a function of the reduction in diameter of 
the outer edge of the blank. This has been done in Fig. 7a through e 
(Curve A) using Taylor and Quinney’s (19) stress-strain data 
obtained from a tensile test on soft copper. 

It must be remembered that Curve A shows the s,/E,) cupping 
ratio for the outermost fiber only. To determine this ratio for the 
entire flange, some inquiry must be made into the variation of 
Sn/E,) cupping that occurs in any of the interior fibers of the flange, 
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Fig. 7c—Buckling Modulus as a Function of Strain. 


i.e., in any ring of metal lying between the outer and inner edges of 
the flange. 

The interior fibers are acted upon by radial tensile stresses as 
well as compressive hoop stresses. What effect will the presence of 
these second (radial) stresses have upon the s,/E, ratio operating 
in the hoop direction? A partial answer to this question is obtained 
from Taylor and Quinney’s stress-strain diagram determined from a 
torsion test on a soft copper tube. During their test, two stresses 
were developed: a compressive stress, and at right angles to it, a 
tensile stress equal in magnitude to the compressive stress. The 
stress-strain diagram labeled Curve B in Fig. 7a is a plot of the 
tensile stress vs. the strain occurring in the direction in which the 
tensile stress operated.® It is to be remembered that this curve was 
| Actually this curve also represents a plot of the compressive stress vs. the strain 


occurring in the direction in which the compressive stress operated since both stresses and 
strains are equal in magnitude. 
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Fig. 7d—Log-Log Plot of the Ratio of Stress to 
Buckling Modulus as a Function of Strain for the Outer 
most Fiber of Flange. 


determined with the presence of a second stress of opposite sign to 
the first, and operating at right angles to the first. 

Despite the apparent difference between this curve and the stress- 
strain diagram determined under simple tension (Curve A, Fig. 7a) 
the curves giving the s,/E, ratios as functions of strain derived from 
both curves A and B® are virtually coincident (see Fig. 7d). Similar 
comparisons made with stress-strain diagrams obtained for a number 
of different plane stress states by other investigators (20), (21), 
(22) yielded the same result. It was therefore assumed in the 
present report that the quantity s,/E, as a function of strain remains 
unchanged by the addition of a second principal stress. 


®In conagiing the buckling modulus from the shear data, a value of E/(1 + ys) was 
used where « is Poisson’s ratio. This correction was slight, however, leading to differences 


of about 1 per cent only in the Eo values. 
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_ _Fig. 7e—Log-Log Plot of the Ratio of Stress to Buckling Modulus as a Function 
of Strain for Any Given Fiber in Flange (Symbols Represent Taylor and Quinney’s 
Data. Solid line is taken from data presented later in this paper.) 


In other words, the curve given in Fig. 7e represents the ratio 
Sn/Eo) cupping for any given fiber as a function of the reduction in 
diameter of that fiber. A slight correction must be made, however, 
if it is desired to express the sp/E.) cupping ratio as a function of the 
reduction in diameter of the outermost fiber or the outside edge of 
the blank. This is necessitated by the fact that the interior fibers 
are reduced in diameter at a faster rate than is the outside fiber. This 
fact arises out of very simple geometric conditions that exist in the 
flange and equations relating the reduction in diameter of any given 
interior fiber to a given reduction in diameter of the outermost fiber 
are given by Sachs (16) and Swift (23). A chart has been pre- 
pared (Fig. 8) using these equations which gives the average reduc- 
tion in diameter over the entire width of the flange for a given reduc- 
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Fig. 7f—Log-Log Plot of the Average Ratio of Stress to Buckling Modulus Through 
out Flange as a Function of Strain for the Outermost Fiber of Flange. 


tion in diameter of the outermost fiber. It will be noted that a series 
of curves is given for different total reductions from original blank 
diameter to cup diameter. 

By means of this chart, the desired curves giving the average 
Sn/E.) cupping Tatio for the entire flange as a function of the reduc- 
tion in diameter of the outside edge of the blank may be constructed 
as shown in Fig. 7f. 

The curves given in Figs. 7f and 6 can now be treated in accord- 
ance with expression 4. It is required that for a given metal 
(in the present case, soft copper) the curve giving the value 0.46 
(t/f)* as a function of the reduction in diameter of the outermost 
fiber should not pass below the curve giving the value of s,/FE, 
as a function of the reduction in diameter of the outermost fiber at 
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any point during the cupping operation. For example, in Fig. 9, 
the s,/E, curve for soft copper is shown along with the lowest 0.46 
(t/f)* curve for a 10% total reduction which will not pass below 
it. The asymptote of this latter curve is 0.46 (t,./f,)?== 0.012, giving 
a value of t,/f, of 0.158. 

If it is still presumed that a ‘“‘flat’’ die is being used, then 
f,—= % (D,—D,). For a 10% reduction in diameter D; — 0.9 D,, 


~ 


CURVE FOR A TOTA 
REDUCTION OF 


402 


IN FLANGE ~ PERCENT 


ALL FIBERS 


AVERAGE REDUCTION IN DIAMETER OF 





REDUCTION IN DIAMETER OF OUTSIDE 
FIBER - PERCENT 


. Fig. 8—Chart Showing Relationship 
Between Average Reduction in Diameter 
for All Fibers in Flange as a Function 
of the Reduction in Diameter of the Out- 
side Edge of the Flange. Three curves 
are given for three different total reduc- 
tions in diameter (from original blank 
diameter to final cup diameter). 


hence, f, —=0.05 D,. If this value is inserted in the ratio of t,/fo, 
we obtain t,/D,— 0.008. It is thus seen that we can determine a 
minimum relative blank thickness; i.e., t./D,, above which folding 
will not occur for a given reduction or relative flange width (since 
D, —D, 


De 
expression of the principle of geometric similarity. 


for a “flat” die, reduction - =<=2f,/D,). This fact is an 


This procedure, outlined in the preceding two paragraphs, indi- 
cates that the number of folds developed during buckling can depend 
upon the blank thickness, t, despite the fact that this factor does not 
enter Geckeler’s Equation 3. Relatively thick blanks may suffer 
a definite reduction in diameter before they fold, i.e., the 0.46 (t/f)? 
curve may intersect the s,/E, curve at a reduction in diameter of 
several per cent, whereas, relatively thin blanks will suffer an insig- 
nificant reduction in diameter before folding occurs. In these two 
cases, the flange width at the moment when folding occurs is differ- 
ent, leading to different results in Equation 3. 





RATIO §/E_ OR 0 4668/4 i? 


QO/SOR 10 PERCENT REO 


00g 


o/ 40 100 100.0 
REDUCTION IN DIAMETER OF OUTSIDE FIBER - PERCENT 


_ Fig. 9—Chart Showing Lowest 0.46 (t/f)? Curve for a 10% Total Reduc 
tion from Original Blank Diameter to Die-Hole Diameter That Will Not Pass 


Below the s/Eo Curve for Soft Copper. Horizontal asymptote of former curve lies 
at a value of 0.46 (te/fe)? = 0.012. 


The above considerations have been confined to ‘“‘flat”’ dies, 1.e., 


dies that are of such contours that the flange extends from the outer 
edge of the blank to the diameter of the die hole, but they can be 
extended to dies of other contours as well. 

The stress state existing in the flange between the outer edge of 
the blank and some arbitrary diameter, D, is unaffected by any 
difference in the operation at diameters less than D. (Cf. equations 
giving the stress state in the flange of cup being formed as deduced 
by Sachs (16), Siebel (17), Fukui (18), et al.) Thus the stress 
state existing in the flange lying between diameters D, and D for the 
two cupping operations shown in Figs. 10a and 10b is the same 
despite the fact that the second operation effects a much greater total 
reduction in diameter from blank to cup. In the second operation, 
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Fig. 10b 


Fig. 10a—Flat Die Giving An Arbitrary Reduction from 
Blank Diameter to Die-Hole Diameter. 


Fig. 10b—Conical Die Giving a Different Reduction from 
Blank Diameter to Die-Hole Diameter but the Same Reduc- 
tion from Blank Diameter to Shoulder of Die as Given in the 
Operation Shown in Fig. 10a. 


shown in Fig. 10b, it may be presumed that the metal behaves as 
if laterally supported where it rounds the shoulder of the die (at 
diameter D) so that the behavior of this flange with regard to 
buckling should be the same as that of the flange in the first operation 
shown in Fig. 10a. 

If buckling in the flange between diameters D, and D is the 
critical factor in the second operation (i.e., if no buckling occurs 
after the edge of the blank has passed over the shoulder of the conical 
die),’ then larger fold-free reductions may be effected with conical 
dies than with “flat” dies. 


*This is the case for all but a few conditions, as will be brought out later in the paper. 
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Fig. 11—Chart Showing the Relationship 
Between Total Reduction, Rt, Affected on Con- 
ical Die and Flange Reduction, Rr, for Various 
“*Tare’”’ Reductions, Ro. 





To quantitatively relate the total reduction, 


D.—Di 100 Equation 4 


R, = D. 


to the “flange” reduction, 


Re D 00 ; Equation 5 
and the “tare” reduction of the die, 


D —D, 


R,. = me Fe 100 Equation 6 


where D,, D, and D, are explained in Figs. 10a and 10b, the follow- 
ing equation may be used :* 









R. = (1 _ Re Re + Ro Equation 7 
100 | 
®This equation is derived by adding and subtracting D to the numerator of the frac- ; \ 
tion on the right-hand side of Equation 4. | 
Do —D + D —Di Doe —D D —Di : 
| eee | - - —— es ! 

Re as 100 5. 100 + —5— 100 : 

De —D D —Di D ) 

= angeooe If — 
De 100 + D 100 De ) 
Inserting Equations 5 and 6 in this expression gives 

D | 

Re a Re + Ro — Deo 

oa Re : 

— Re Sat Ro (: -_ ha) : 


which, on rearranging, gives Equation 7. 
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For a given die R, is fixed, of course, so that the relation between 
R, and Ry is linear, as may be seen in Fig. 11. This chart (or 
Equation 7) can be used to convert data obtained with a plane 
circular flange for use on conical dies. 


EXPERIMENTAL PROCEDURE 


Several series of cupping experiments were conducted to deter- 
mine the conditions under which folding would or would not occur. 
In these cupping experiments, the following variables were studies. 

Metal—Four different metals (copper, 70/30 brass, 2S alumi- 
num, and SAE 1008 rimmed steel) in various tempers were used. 
Each metal (with the exception of the steel, which was annealed) 
was received in the cold-rolled condition and in a definite thickness. 

All blanks were prepared from the metal in the as-received 
condition. In those cases where annealed tempers were investigated, 
the metal was annealed after blanking. If the blanking operation 
had followed the anneal, the rim of the blank would have been 
hardened an indeterminate amount, possibly affecting results. The 
steel blanks were prepared from annealed stock since it was received 
in that condition. All anneals were for 1 hour at 1000 F. 

Blank Dimensions—Blanks of various diameters up to 1.625 
inches were punched out on a blanking die set, while larger sizes were 
carefully sawed and sanded to size. 

Metal of a desired thickness was obtained by pickling the as- 
received stock to the desired gage. Sufficient web scrap was allowed 
so that variations in thickness at the edge of the strip resulting from 
the pickling procedure were not incorporated in the blank itself. 
Blank thicknesses varied less than plus or minus 5% from a mean 
value. The pickling process was adopted so as to obtain metal with 
one fabrication history and thus one set of properties on a wide 
variety of sizes. Tensile strength and yield strength values on 
pickled metal indicated that this objective was obtained. These prop- 
erties also indicated that the pickling procedure used did not introduce 
any adverse effects. 

Tool Dimensions—Two punches were used, one having a diam- 
eter of 0.750 inch and the other, a diameter of 1.840 inches. The 
punch radius was ;% inch in each case. Six dies were used, having 
diameters of either 0.870 inch or 2.000 inches (see Fig. 12) but 
having different contours. The tare reductions of the dies were 
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Fig. 12—Sketch Showing Contours 
of Dies Employed in This Research. 
Corners on Dies 1 and 5 were sharp. 
Corners on other dies had radii ap- 
proximately 0.010 inch. 


O% (Nos. 1 and 5), 19% (No. 2), 27% (Nos. 2 and 6), and 34% 
(No. 3). Blanks were centrally located in the dies by using annular 
centering rings which fitted between the blank and the set edge of 
the die. 

Procedure—The sequence of experimental operations usually 
followed one of two patterns: (a) Metal of a given temper was 
pickled to a range of thicknesses, blanked to a given diameter (and 
then annealed and flash pickled if a soft temper was being investi- 
gated). The blanks were then cupped on a given die fitted with the 
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Fig. 13a—Stress-Strain Diagrams 


of Metals Investigated in This Re 
search. 


proper annular centering ring. Usually the range of thickness was 
broad enough so that some of the thinner blanks folded while some 
of the thicker blanks did not. A second range of thicknesses was 
then chosen in the interval between the thickest blank that folded 
and the thinnest blank that did not, in order to establish more narrowly 
the critical thickness below which folding would occur. (b) Metal 
of a given thickness was blanked through a range of diameters and 
then cupped, starting with the largest blank and proceeding through 
the smaller sizes until no folds were encountered. These operations 


were then repeated, each time one of the variables—die contour, blank 





diameter, blank gage, and die size—being changed. 
Stress-Strain Determinations—Stress-strain diagrams were ob- 
tained from two separate series of samples. One set of three samples 
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was tested up to strains of 3% using an automatic +tress-strain 
recorder. Another set of two samples was tested frm 1% to 
fracture using the divider method. There was good agreement in 
the region where the methods overlapped. The stress-strain curves 
for hard copper and hard aluminum were not used, since localized 
necking set in rather quickly, leading to unreliable evaluition of 
the slopes of the latter (and for the present investigation, the most 
useful) part of the curves. 


RESULTS AND DISCUSSION 


The stress-strain diagrams of the metals studied are given in 
Fig. 13a; the sp/E.) cupping Curves derived from them are given in 
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Fig. 13c—See Caption for Fig. 13b. 


Kigs. 13b through 13f. In addition, values of s/E, obtained from 
stress-strain diagrams for not only simple tension but other stress 
states as well as determined by other investigators are included in 
these charts. This has been done to show the extent of the variation 
of these values with (a) stress state, and (b) different experimental 
conditions (annealing time and temperature, etc.) Also entered in 
the latter graphs are the lowest 0.46 (t/f)* curves which do not pass 
below the sp/E) cupping Curves. The horizontal asymptotes of these 
limiting curves are indicated along the left-hand side of the graphs. 
In Table I, these asymptotic values have been converted to minimum 
relative blank thicknesses which can be cupped on a “flat” die for 
various reductions. 

Factors affecting the conditions under which buckling occurs 
for the case where the flange ts a plane circular ring (see Fig. 4). 
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Fig. 13d—See Caption for Fig. 13b. 


For these experiments, die Nos. 1 (0.870-inch diameter) and 5 
(2.000-inch diameter ) were used. 

The results are plotted graphically in Figs. 14a to 14g. The 
co-ordinates have been chosen in accordance with the principle of 
geometric similarity (see Theory): the abscissae represent the rela- 
tive blank thickness; i1.e., the actual blank thickness, t,, divided by 
the actual blank diameter, D,, while the ordinates represent the per 
cent reduction in diameter from the outer edge of the blank to the 
edge of the die hole. The experimental data are represented by bars, 
the length of the bar indicating the experimental gap between the 
lowest conditions for folding and the highest conditions for fold-free 
operation. From the fact that the experimental data for the 0.870 
and 2.000-inch dies coincide in all seven graphs, it is evident that 
the principle of geometric similarity is fulfilled for all metals and 
tempers studied. 
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Fig. 13e—See Caption for Fig. 13b. 


The limiting reductions in diameter for different relative blank 
thicknesses, as determined theoretically (see above), are entered in 
the charts as solid curves. In general, there is very good agreement 
between experimental and theoretical values. For hard copper and 
hard aluminum, no theoretical curves were developed (see Experi- 
mental Procedure). For these metals, empirical curves, represented 
by dashed lines, have been drawn through the data. 

It appears from these charts that the metal itself has a minor 
effect on the proneness of a blank to butkle. It might be mentioned 
that this was found to be true in the case of buckling encountered 
in tube sinking also (24). Of the four soft metals studied, steel 
and aluminum are more prone to buckle than the others, the latter 
fact being in general agreement with Jevons’ statement referred to 
above (10). Esser and Arend’s empirical equation (see Introduc- 
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Table I 
Reduction Asymptotic 
De=—Dup 21 Value | 
Metal R =~ De = D 100 0.46 (to fo)? (te/ fo)? to fo to Do 
Soft Copper 10 0.012 0.026 0.16 0.008 
20 0.022 0.038 0.20 0.020 
40 0.048 0.104 0.32 0.064 
Soft 70:30 Brass 10 0.014 0.030 0.17 0.009 
20 0.025 0.054 0.23 0.023 
40 0.048 0.104 0.32 0.064 
Half Hard 10 0.051 0.111 0.33 0.017 
70:30 Brass 20 0.077 0.167 0.41 0.041 
40 0.122 0.265 0.52 0.104 
Soft 2S Aluminum 10 0.017 0.037 0.19 0.010 
20 0.040 0.087 0.30 0.030 
40 0.100 0.217 0.47 0.094 
Soft SAE 1008 Steel 10 0.019 0.040 0.20 0.010 
20 0.036 0.078 0.028 0.028 


40 0.120 0.261 0.51 0.102 
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Fig. 14—-Maximum Reductions from Blank Diameter to Die-Hole Diameter 
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Relative Blank Thicknesses. 


tion) which because of the smallness of their die radius should be 
roughly applicable to the results obtained here for “flat” dies with 
virtually no die radius is in surprisingly good agreement with the 
present data, all things being considered. 

Buckling on conical dies. For these experiments, die Nos. 2 
(D, = 0.870 inch, R, = 19.0 %), 3 (D, =90.870 inch, R, = 28%), 
4 (D, = 0.870 inch, R, = 34%), and 6 (D, = 2.000 inches, R, = 





26.5% were used. The results are plotted graphically in Figs. 15a 
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to 15d. The abscissae represent the relative blank thickness, t,/D,; 
the ordinates represent the reduction in diameter from the outer 
edge of the blank to the diameter, D,;, of the die (see Fig. 10b). 

The theoretical curves given in Fig. 14 have been transposed 
with the aid of the chart given in Fig. 11 as described in the section, 
“Theory”, to R, values of 19.0, 26.5, 28 and 34%. There is good 
agreement between the theoretical and experimental data whether 
the latter were obtained from dies whose land diameter was 0.870 or 
2.000 inches. This confirms both the principle of geometric similar- 
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Fig. 15—-Maximum Reductions from Blank Diameter to Die-Hole Diameter 
That May Be Made with Conical Dies Without Folding Occurring for Various 
Relative Blank Thicknesses. 


ity and the method of manipulation used to transpose the curves for 
all conditions studied. The effect of metal shows the same general 
trend as in the case of dies giving plane circular flanges. 

In the case of conical dies, there are certain limiting conditions 
already alluded to in the Introduction and Theory, about which cer- 
tain remarks should be made here. In deriving his original equations, 
Geckeler assumed that the bending of the metal over the edge of the 
die at the inner diameter of the flange effected a lateral support at this 
point on the flange. In the present case, it is quite possible that the 
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flange may resist buckling up to the point where the outer edge of 
the blank passes over the shoulder of the die, at which stage the 
point of support is transferred to the point where the punch contacts 
the metal, changing the problem completely and again opening up 
the possibility of buckling. As a matter of fact, buckling was 
observed to take place in a number of cases after the outer edge of 
the blank had passed over the corner of the die. This condition 
occurred in very thin blanks. In Figs. 15a through 15d, this fact is 
indicated by the dotted lines. In other words, blanks whose dimen- 
sions were such as to give a point below the solid line successfully 
resisted folding throughout the cupping process; those whose dimen- 
sions weye such as to give a point below the dotted line would resist 
buckling up to the point where the outer edge of the blank passed 
over the shoulder of the die, after which stage they collapsed. 

Number of lobes into which flange buckles. It was pointed 
out in the section “Theory” that relatively thick blanks may undergo 
deformation before folding occurs, thus affecting the value of the 
flange width, f, in Geckeler’s Equation 3. In the following dis- 
cussion, results obtained with blanks whose thickness was less than 
a tenth of the flange width only are reported, since it was found in 
this case that folding occurred after only a fraction of 1% reduction 
in diameter. This meant that the flange width, f, that was effective 
at the time of folding was practically the same as the starting flange 
width, f,, thus permitting both the experimental results and Geckeler’s 
equation to be plotted as a function of the total flange reduction in 
diameter. The number of lobes occurring under such conditions 
have been plotted in Fig. 16.° 

The data represented in this chart are taken indiscriminantly 
from results obtained with all metals and tempers studied. Results 
obtained on 0.870 and 2.000-inch dies as well as “‘flat’’ or conical dies 
are indicated in the chart by different symbols. All of these factors 
were without significant effect on the results. Also plotted in this 
graph is a curve giving the theoretical number of lobes according to 
Geckeler’s equation. It will be noted that the experimental values 
consistently fall above the theoretical curve for the entire range 
studied. The disagreement between the present data and Geckeler’s 
curve is of interest not only in itself but because of the possible 
corrections it implies might be required in the equation giving the 
critical stress, i.e., Equation 2. 


*Actually the data from thicker blanks differ only slightly from those given here (the 
corrections required for the thicker blanks being so slight). 
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Fig. 16—Number of Lobes Into Which 
Flange Buckles as a Function of Flange 
Reduction. Experimental data are for all 
metals and tempers studied. 


Buckling on dies with rounded radius. So far, the discussion 
has been concerned with results obtained on either “flat” or conical 
dies. Some mention should be made of the applicability of the data 
to dies with a rounded radius. Because of the fact that the flange 
of a blank is thrown up as the punch descends (see Fig. 17), the 
point of lateral support is moved inward during the cupping opera- 
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tion. Thus the flange width is not decreased as rapidly as in the 
case of a conical die. (In fact, the die contour may be so chosen 
that the flange width actually increases during the cupping operation. ) 
The result of this is that rounded dies, in general, are not so efficient 
as conical dies in preventing buckling. 

General discussion. In the present work, it was assumed (on 
the basis of stress-strain data from Taylor and Quinney as well as 
others) that the quantity s/E, when plotted as a function of strain 


Ge 
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ZA 
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SUPPOR 

Fig. 17—Change in Flange Width Oc- 
curring with Dies of Rounded Radius as 
Cupping Operation Proceeds. 


was insensitive to the stress state occurring in the metal. A point of 
broader significance, however, is that this assumption may be evoked 
in the solution of many buckling phenomena encountered in other 
forming operations. Thus the limiting conditions before buckling 
occurs for a metal being plastically deformed may be expressed as: 


(+)... “f (x, Voreeee ) 


where xX, Y,..... represent dimensional or geometric quantities 
(such as diameters, thicknesses, angles, etc.) involved in the process 
in question. The left-hand side of this equation will be set by the 
stress-strain diagram of the metal in question and the appropriate 
strain rate. No further stress analysis of the forming process need 
be made. Further, forming operations which are the same with 
respect to their geometric conditions and the rate at which the ratio 
S/E.)torming 18 developed should exhibit the same folding tend- 
encies. Thus tube sinking and fube necking, two processes which 
are very similar in their geometric details, should exhibit very similar 
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folding tendencies, despite the fact that the stress states existing 
within the metal during the two processes are quite different. 


ACKNOWLEDGMENTS 


It is a pleasure to acknowledge a debt of gratitude to many 
people for various services and favors: to Messrs. E. C. Smith and 
J. J. Bowden of the Republic Steel Corporation for supplying the 
steel used in this investigation; to Professors K. H. Donaldson and 
G. Sachs of Case School of Applied Science for supplying the 
aluminum used; to Mr. A. W. Ross of the Research Department, 
Midwestern Division, Chase Brase and Copper Company, Inc., for 
making the drawings; to Mr. A. I. Blank of the Research Depart- 
ment, Chase Brass and Copper Company, Inc., Waterbury, Connecti- 
cut, for determining the stress-strain diagrams of the metals; and 
to Dr. H. P. Croft, Director of Technical Control and Research, 
Midwestern Division, Chase Brass and Copper Company, Inc., for 
his encouragement and support of this work. 


References 


1. M. Sommer, “Experiments on the Drawing of Hollow Bodies,” Ma- 
schinenbau, Vol. 4, 1925, p. 1171-1178; Forschungsarb. Z. Ver. 
Deutscher Ing., No. 286, 1926. 
H. Draeger, “Effect of Radii on Drawing of Shells Out of Thin Sheet,” 
Berichte iiber Betriebwissenschaftliche Arbeiten, Vol. 2, 1929, p. 1-21. 
W. Sellin, “Effect of Draw Die and Punch Radii on the Depth of the Draw 
in Cupping Sheet Parts,” Berichte iiber Betriebwissenschaftliche Ar- 
beiten, Vol. 3, 1930, p. 18-35. 
4. E. Ackermann, “The Drawing of Hollow Bodies from Thin Strip with 
Particular Consideration of the Blank Holding Effect,” Stahl und 
Eisén, Vol. 51, 1931, p. 619. 

5. L. Herrmann and G. Sachs, “Untersuchungen iiber das Tiefziehen,” M etall- 
wirtschaft, Vol. 13, 1934, p. 687-692, 705-710. 

6. F. Fischer, “On Stretching and Formation and Prevention of Wrinkles in 
Drawing Hollow Bodies,” Tech. Hochschule, Stuttgart, Dissertation, 
1927. 

7. H. Esser and H. Arend, “Die Tiefziehpriifung von Blechen,” Archiv f. das 
Eisenhiittenwesen, Vol. 14, 1940, p. 223-231. 

8. E. V. Crane, “Plastic Working of Metals and Power Press Operations,” 
J. Wiley & Sons, New York, 1932, p. 161. 

9. C. W. Hinman, “Pressworking of Metals,” McGraw-Hill Book Co., New 
York, 1941, p. 304. 

10. J. D. Jevons, “The Metallurgy of Deep Drawing and Pressing,” J. Wiley 
& Sons, New York, 1940, p. 108. 

1l. J. W. Geckeler, “Plastische Knicken der Wandung von Hohlzylindern und 
einige Andern Faltungserscheinungen,” Z. Angewandte Mathematik 
und Méchanik, Vol. 8, 1928, p. 341-352. 

12. Engesser, Schweizerische Bauzeitung, Vol. 26, 1895, p. 24-..; Z. f. Archi- 
tektur und Ingenieurwesen, 1889, p. 445. 


nN 


jw 





NM sre Sh 





788 TRANSACTIONS OF THE A. S. M. Vol. 38 


13. H. B. Westergaard and W. R. Osgood, “Strength of Steel Columns,” 
Transactions, American Society of Mechanical Engineers, Vol. 49-50, 
1928, APM 50-9, p. 65-80. 
14. T. von Karman, “Untersuchungen tiber Knickfestigkeit,’ Forschung auf 
dem Gebiete des Ingenieurwesen—Beilage, V. D. I. Forschungsheft 
81, 1909. 
J. L. Holmquist and A. Nadai, “A Theoretical and Experimental Approach 
to the Problem of Collapse of Deep-Well Casing,” Journal, American 
Petroleum Institute, 1939, p. 392-420. 
16. G. Sachs, “Spanlose Formung der Metalle,” Leipzig, Akademische Verlag, 
1937, p. 11-38. 

17. E. Siebel, “Plastic Forming of Metals,” Steel, Vol. 94, Oct. 23, 1933, p. 
37-40, and continued in subsequent issues. 

18. S. Fukui, “Researches on the Deep Drawing Process,’ Tokyo Institute of 
rg Chemical Research, Scientific Papers, Vol. 34, 1938, 
p. 142-152. 

19. G. I. Taylor and H. Quinney, “The Plastic Distortion of Metals,” Philo- 
sophical Transactions, Royal Society, Sec. A, Vol. 230, 1932, p. 323-362. 

20. M. Ros and A. Ejichinger, “Experimentation Regarding the Clarification of 
the Problem of the Failure Condition,” Zurich. Eidgendssische Mate- 
rialpriifungs und Versuchsanstalt, Report 34, 1929. 
21. E. A. Davis, “Increase of Stress with Permanent Strain,” Transactions, 
American Society of Mechanical Engineers, Vol. 65, 1943, p. A187-A196. 
22. G. Baranski, “Zerreissversuche bei ebener plastischer Verformung,” 
Zeitschrift fiir Metallkunde, Vol. 26, 1934, p. 173-180. 

23. H. W. Swift, “Deep Drawing Research,” Proceedings, Institution of Auto- 
mobile Engineers, Vol. 34, 1939-40, p. 361-432. 

24. G. Sachs and W. M. Baldwin, “Folding in Tube-Sinking,” Transactions, 
American Society of Mechanical Engineers, Vol. 68, 1946, p. 647-654. 








BEARING PROPERTIES OF 24S-T SHEET AND SHEAR 
STRENGTH OF 24S-T RIVETS AT 
ELEVATED TEMPERATURES 


By A. E. FLanican, L. F. TEDSEN anp J. E. Dorn 


Abstract 


The shear strength of 24S-T rivets and the bearing 
properties of 24S-T sheet have been determined at tem- 
peratures up to 375 F after exposure times ranging from 
Y%4 hour to 1000 hours. The bearing properties include 
yleld stress (2% offset) and ultimate stress. Compared 
with the original room temperature values the greatest 
losses in any of the properties studied are 9% at 212, 
15% at 250, 27% at 300 and 40% at 375F. Curves 
showing the bearing and shear properties plotted against 
time at temperature are generally similar in shape to the 
curves for the corresponding tensile properties. The ratios 
of ultimate bearing stress and ultimate shear stress to ulti- 
mate tensile stress are essentially independent of time and 
temperature over the range considered. The ratio of bear- 
ing yield stress to tensile yield stress is more variable. 
The data should be used with care in design since the 
strengths indicated in short-time tests may be greater than 
those obtainable with steady loading over long periods. 


INTRODUCTION 


HE mechanical properties of high strength aluminum alloy sheet 

at elevated temperatures are of interest in certain applications. 
This paper is concerned with the effects of temperature and exposure 
time on the elevated temperature bearing properties of 24S-T? sheet 
and on the shear strength of 24S-T* rivets. The work, performed 
at the University of California as a portion of project NRC-548, 
was financed by the War. Production Board and was supervised by 


1This alloy, designated 24S by its producer, the Aluminum Company of America, has 
the nominal composition: 4.5% copper, 0.6% manganese, 1.5% magnesium. The T condi- 
tion is obtained by solution heat treatment at 910 to 950 F followed by quenching in 
water and aging for 4 days or more at atmospheric temperature. 





A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, A. 
E. Flanigan is assistant professor at the University of California at Los Angeles 
while L. F. Tedsen and J. E. Dorn are engineer and associate professor, respec- 
tively, at the University of California, Berkeley. Manuscript received January 
8, 1946. 
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the Office of Production Research and Development. This paper 
has been released for publication by the latter agency. 

The materials studied are among those popularly employed in 
high strength sheet construction. The following properties were 
investigated. They are of interest in connection with the behavior 
of riveted joints: 

A. In bearing tests performed on 0.032-inch bare 24S-T sheet 

1. Bearing yield stress (2% offset) 
2. Ultimate bearing stress 
B. In rivet shear tests performed on '-inch D.D. rivets 
1. Ultimate shear stress 
In addition to tests at room temperature, specimens were tested 
at 212, 250, 300 and 375F after being heated for periods ranging 
from 15 minutes to 1000 hours. 


SPECIMEN DESIGN AND PREPARATION 


The shear tests were made on riveted specimens prepared by the 
Douglas Aircraft Company of Santa Monica, California. Fig. 1 
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Fig. 1—Elevated Temperature Rivet Shear Specimen. 


shows the dimensions of these specimens which were designed to 
cause double shear of the hand-driven rivets. 


Dimensions of the bearing specimen are shown in Fig. 2. Edge 


, D 
distance, width, and thickness were 4D, 4.8D and 49 respectively 
(where D is the diameter of the bearing hole). The loading axis 


was parallel to the direction of rolling. Specimens were sheared 
from 0.032-inch thick 24S-T sheet and the 35-inch bearing holes were 
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reamed to size. The material was obtained from the Douglas Air- 
craft Company production stock. 

The specimens were heated for various lengths of time in care- 
fully controlled oil bath furnaces after which they were stored until 
required for testing. The storage period ranged from 4 days to 
several months. A tempering oil (Houghton’s No. 80) was used 
in the oil baths at all temperatures. Temperature variations in the 


Reamed Holes 5/32" inD 








| | 


le 5/84 — | 1/4"—__+1+ 5/8} 
— --2/2-—____+ 
0.032" 

| 


Material 24S-T (Bare) 


Grain parallel to direction of 
load application. 
Sheared edges. 


Fig. 2—Elevated Temperature 
Bearing Specimen. 


central 6 inches of specimens in the baths were no greater than 
+2F temporal and +2F spatial except for brief ‘drops attending 
the insertion of additional specimens. After removal of specimens 
from the baths all oil was wiped off before storage. 


HEATING AND TEMPERATURE CONTROL DurRING TESTS 


Preliminary to testing, the stored specimens were reheated and 
maintained at temperature in a split cylindrical furnace located 
between the crossheads of the tensile testing machine. Fig. 3 shows 
the furnace which was 17 inches long and contained 3 banks of 
heating elements arranged vertically. The voltage across each bank 
was adjusted independently to minimize spatial temperature variations 
in the specimens. Any variations which may have occurred are con- 
sidered unimportant since in each type of specimen the deformation 
was highly localized. Specimens were brought to the testing tem- 
perature in approximately 30 minutes. Temporal variations during 
the course of a test were no greater than +3 F in the bearing tests 
and +6 F in the shear tests. 





ty 
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Fig. 3—-Photograph of the Furnace in Open Position. 
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Fig. 4—Extensometer Assembly and Thermocouple Attachment. 


In both shear and bearing tests temperature measurements were 
made by means of a 30-gage glass insulated iron-constantan thermo- 
couple secured firmly at the center of the specimen by several turns 
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of light, flexible, spun glass sheathing as shown for the bearing 
specimen in Fig. 4. This couple did not indicate true specimen tem- 
perature since it was also in contact with the glass wrapping. The 
relation between indicated and true temperatures was determined, 
however, in preliminary tests which involved dummy specimens con- 
taining peened-in couples. The correction, which was small, was 
determined and applied for each testing temperature. The peened-in 
couples and the dummy specimens were located at the~points of 
greatest interest, namely, at the rivets in the shear tests and adjacent 
to the hole in the bearing tests. 


LOAD AND DEFORMATION MEASUREMENTS 


The load was measured by the deflection of a proving ring in 
series with the specimen. SR-4, A-11 electric strain gages were 
mounted in opposition on the inner and outer surfaces of the ring. 
This unit was calibrated and checked regularly against a calibrated 
Toledo scale. The load readings were taken on an SR-4 Strain 
Indicator and the maximum error was thought to be no greater than 
3 pounds. 

The extensometer developed to permit the evaluation of bearing 
yield stress at elevated temperatures is shown in Figs. 4 and 5. The 
device was used to measure the deformation of the lower bearing 
hole. It incorporates a Tuckerman optical strain gage mounted out- 
side of the furnace on extension arms. The latter extend into the 
furnace where they are attached to reference points located on the 
specimen and on the lower grip. 

As indicated by Fig. 5, the distance between the upper reference 
points and the lower loading pin remains very nearly constant 
throughout the loading period since the intervening portion of the 
lower grip is essentially stress free. It may also be seen that defor- 
mation of the hole during loading causes a shortening of the distance 
between the pin and the lower reference points. For deformations 
of the order required to determine bearing yield stress, this shorten- 
ing is very nearly equal to the hole deformation. Since compression 
of the pin is entirely elastic and is relatively insignificant, it follows 
that the hole deformation during loading is described by the relative 
motion of the upper and lower reference points. 

Attachment of the extension arms to the specimen was accom- 
plished by means of sharp conical points. To insure that extensom- 
eter and specimen were aligned correctly, the former was mounted 
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Fig. 5-—Schematic Drawing of Elevated Temperature Bearing Test Extensometer 


Assembly. 


with the specimen under a load of approximately 50 pounds (corre- 


sponding to a bearing stress of 10,000 psi). 
The hardened steel loading pins were 0.0003 inch smaller in 


diameter than the undeformed bearing holes. The lower grip was 
designed to allow unrestricted upsetting of the specimen material 
adjacent to the hole during loading. 
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CALCULATION OF BEARING AND SHEAR STRESSES 


In the calculation of ultimate bearing stress and bearing yield 
stress the bearing area was taken as the product of the pin diameter 
and the original measured thickness of the specimen. Values of bear- 
ing yield stress were determined by means of a 2% offset line as 
shown in Fig. 6, 

Calculations of rivet shear stress were based on the nominal 
diameter of the hole size recommended by ANC-5(1)? for %-inch 
rivets. (This diameter is 0.1285 inch.) To permit a determination 
of the actual hole diameter, several untested riveted specimens were 
dismantled and examined. The average value for 12 holes was found 
to be 0.1310 +0.0010 inch. In each case the rivets were found to 
fill the hole completely. 


STRAIN RATE 


A crosshead speed of 0.01 inch per minute was employed 
throughout the initial portion of each bearing test. This rate was 
continued up to attainment of the bearing yield stress after which it 
was increased to 0.06 inch per minute. The latter value was used 
throughout the rivet shear tests. 

It is recognized, of course, that the actual rates of deformation 
at the rivets and at the bearing holes differed considerably from the 
crosshead speed. No effort was made to determine the actual strain 
rates. 


EXPERIMENTAL RESULTS 


The results are shown by means of curves on the following pages. 
In general, each point on the curves represents an average value based 
on two or more tests. Fig. 7 shows the effects of temperature and 
exposure time on the bearing yield stress and the ultimate bearing 
stress of 24S-T sheet. The effects of the same variables on the 
ulimate shear stress of %-inch 24S-T rivets are shown in Fig. 8. 

Remarks on the Specimens—Values of the bearing properties 
determined in tests on sheet materials are known to depend to a 
considerable extent on the type of specimen employed (1), (2). 
This is especially true in the case of ultimate bearing stress. The 


*The figures appearing in parentheses pertain to the references appended to this paper. 
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Fig. 6—Typical Bearing Stress-Hole Deformation 
Curves for 24S-T (Bare) Sheet. 

Test temperature—250 F; Crosshead speed—0.01 inch 
per minute over region indicated, followed by 0.06 inch 
per minute to ultimate; Hole diameter—5/32 inch; Sheet 
thickness—0.032 inch; Time at temperature—¥% hour; Di- 
rection of stress—with grain. 


values obtained with the present specimen, therefore, may differ 
from those associated with other types. 

The rivet shear tests were performed on driven rivets. The 
actual diameter after driving was 0.131 + 0.001 inch, a considerable 
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Fig. 7—Effect of Temperature and Time of Exposure on Elevated Tem 
perature Bearing Properties of 24S-T (Bare) Sheet. 

Sheet thickness—0.032 inch; Direction of stress—with grain; Crosshead 
speed—0.01 inch per minute to BYS, followed by 0.06 inch per minute from 
BYS to ultimate; Bearing hole diameter—5/32 inch; Ratio of edge distance 
to hole diameter—4.0. (Each point represents average value of two or more 
tests.) 


f 


increase over the original value and 2% in excess of the nominal 
rivet hole diameter of 0.1285 inch. Since the calculation of ultimate 
shear stress was based upon a diameter of 0.1285 inch, the calculated 
values are approximately 4% higher than would have been obtained 
had the exact diameter of the driven rivets been used. 


EFFECTS OF TEMPERATURE AND TIME ON BEARING 
AND SHEAR PROPERTIES 


It was the primary purpose of this investigation to determine 
the effects of temperature and time on the bearing and shear prop- 
erties of 24S-T at elevated temperatures. Since the properties 
depend to some extent on specimen design, and may be expected to 
vary from one lot of material to another, it is recommended that the 
values shown in Figs. 7 and 8 be considered in relation to the original 
room temperature values which are included in the figures and which 
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Fig 8—Effect of Temperature and Exposure Time on Ultimate Shear 
Stress of 24S-T Rivets at Elevated Temperatures. 

Rivet diameter—'% inch; Crosshead speed—0.06 inch per minute; 
Rivet type—D.D. (Each point represents average value of two or more 


tests. ) 


were determined under the same testing conditions. The changes 
In properties induced by prolonged exposure at the elevated temper- 
atures are readily understood in view of the susceptibility of 24S-T 
to “aging” and “overaging”’. 

The values of bearing yield stress at 212 and 250F are seen 
to be essentially independent of exposure time for times ranging from 
4 hour to 1000 hours. At 300 and 375F, however, precipitation 
effects are apparent. At 300 F a maximum value is reached after 
approximately 100 hours. Overaging subsequent to the maximum 
results in a steady decrease in bearing yield stress as a result of 
which the 1000-hour and '%4-hour values are approximately equal. 
At 375 F it is possible that a maximum value of bearing yield stress 
is reached in the interval between 1% and 10 hours but since no 
tests were made within the range the only effect noted is that of 
pronounced overaging attended by a rapid drop in strength. 

The behaviors of ultimate bearing stress and ultimate shear 
stress are quite similar to that of bearing yield stress with the excep- 
tion that at 300 F the former properties exhibit little evidence of a 
maximum value before the appearance of overaging. 

In the case of both bearing and shear properties the loss of 
strength at 375 F is so great and so rapid that the use of 24S-T sheet 
and rivets at this temperature would seem unwise unless accompanied 
by a drastic reduction in design allowables. Losses in strength over 
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a 1000-hour period are small at 212 and 250 F and might be toler- 
ated in some cases at 300 F. In this connection it should be remem- 
bered that susceptibility to corrosion is known to be increased by 
exposure of 24S-T to elevated temperatures for periods less than 
that required for full “aging” (3). Presumably, then, corrosion 
problems may be a factor in the use of 24S-T at temperatures up to 
300 F. 

The minimum values of the various properties over a 1000-hour 
period are summarized in the following table where they are ex- 
pressed in terms of the original room temperature values. The table 
was derived from Figs. 7 and 8. 


Bearing Ultimate Ultimate 
Yield Stress, Bearing Stress, Shear Stress, 

% % % 

75 F 100 100 100 
212 F 91 91 98 
250 F &5 91 98 
300 F 80 73 77 
375 F* 60 63 63 





*At 375 F only times up to 500 hours were considered. Greater losses 
may be expected in 1000 hours. 


Fig. 9, reproduced from reference 4, shows the effects of time 
and temperature on the elevated temperature tensile properties of 
0.040-inch alclad 24S-T sheet stressed transversely.* It may be seen 
by comparison of Figs. 7 and 8 with Fig. 9 that the curves repre- 
senting bearing and shear properties are generally similar in shape 
to the corresponding tensile curves. A further comparison will be 
made in the following paragraphs. 


COMPARISON OF SHEAR AND TENSILE PROPERTIES 


Fig. 10, which was derived from Figs. 8 and 9, shows the effects 
of time and temperature on the ratio of ultimate shear stress to 
ultimate tensile stress at elevated temperatures. It may be seen 
that the ratio is essentially independent of time and temperature 
for all combinations of the variables investigated. The maximum 
variation is +5%. 

This is an interesting point since it suggests that in the case of 
other high strength alloys approximate values of the ultimate shear 
stress at elevated temperatures may be obtained from values of the 


®Unfortunately the corresponding tensile data for bare 24S-T stressed in the rolling 


direction were not available. They would be preferred for direct comparison with the 
bearing and shear results. 
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Fig. 9—Effect of Temperature and Time of Exposure on Elevated Tem- 
perature Tensile Properties of Alclad 24S-T Sheet. 
Sheet thickness—0.040 inch; Direction of stress—cross grain; Cross- 


head speed—0.06 inch per minute. (Each point represents average value of 
two or more tests.) 
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Fig. 10—Effects of Temperature and Time at Temperature on the Ratio 


of Shear and Tensile Strengths of 24S-T at Elevated Temperatures. 


t} 


Shear strengths are those of 24S-T %-inch D.D. rivets. (From Fig. 8) 
Tensile properties are those of 0.040-inch alclad sheet loaded perpendicular to 
1 grain. (From Fig. 9) 


elevated temperature tensile properties if the ratio of the two stresses 
is known for room temperature. There is no reason, of course, to 
suppose this possible for all materials and all conditions. In the 
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Fig. 11—Effects of Temperature and Time at Temperature on the Ratios 
of Bearing and Tensile Properties of 24S-T Sheet at Elevated Temperatures. 

searing properties are those of 0.032-inch bare 24S-T sheet loaded parallel 
to the grain; edge distance — 4D, width — 4.8D, thickness D/4.9. (From 
Fig. 7) 
_ Tensile properties are those of 0.040-inch alclad 24S-T sheet loaded perpen- 
dicular to the grain. (From Fig. 9) 


cases where elevated temperatures induce extreme changes in ductility, 
the ultimate tensile stress may be expected to reflect these changes 
to a greater degree than the shear stress. 

In the present case the average value of the ratio is seen to be 
approximately 0.74. It should be remembered that the shear values 
were determined for 24S-T \%-inch D.D. rivets, whereas the tensile 
strengths are those of 0.040-inch 24S-T alclad sheet stressed trans- 
verse to the direction of rolling. 


COMPARISON OF BEARING AND TENSILE PROPERTIES 


ii : ; BYS 
[he ratios of bearing yield stress to tensile yield stressrG 
; UBS 
and ultimate bearing stress to ultimate tensile stress UTS ate 


shown in Fig. 11, derived from the curves of Figs. 7 and 9. Over 
the range of temperatures and times investigated there is a maximum 
variation of +10% in the ratio of the ultimate strengths. There 
would seem to be little fundamental reason for constancy of the 
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ratio, however, since the mechanisms of failure are dissimilar in 
bearing and tensile tests. 
ce .. oo 

According to Fig. 11, the ratio ys Varies considerably and 
there seems to be little correlation between the values of bearing 
and tensile: yield stress. It may be noted in this connection, how- 
ever, that at 300 and 375F the maximum values of bearing yield 
stress in Fig. 7 occur after shorter exposure periods than the corre- 
sponding values of tensile yield stress in Fig. 9. It will be recalled 
that the specimens used in the bearing and tensile tests were not 
taken from the same sheet. 


THE PROBLEM OF CREEP 


Just as short-time tensile tests at elevated temperatures may 
indicate strengths greater than those obtainable with steady loading 
over long periods, similar limitations may be expected in the case of 
the elevated temperature bearing and shear properties. As a result, 
such data, especially at the higher temperatures, should be used with 
caution in design. The importance of creep at elevated temperatures 
should be borne in mind in connection with the bearing and shear 
properties listed in Figs. 7 and 8, and also in connection with Figs. 
9, 10 and 11 and the related discussion. 


SUMMARY AND CONCLUSIONS 


The shear strength of 24S-T rivets and the bearing properties 
of 24S-T sheet have been determined at temperatures up to 375 F 
after exposure times ranging from '% hour to 1000 hours. These 
properties have been compared with the corresponding tensile values. 
The following conclusions may be drawn: 

1. The greatest losses in any of the properties studied are found 
to be 9% at 212, 15% at 250, 27% at 300 and 40% 
at 375 F. At the latter temperature only times up to 500 
hours were considered. Greater losses may be expected in 
1000 hours. 
Since the properties may depend to a considerable extent on 
specimen design it is recommended that the effects of time 
and temperature be considered in relation to the original 
room temperature values determined under the same testing 
conditions. 


ND 
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3. Shapes of the curves for the bearing and shear properties 
plotted against time at temperature are in general similar to 
the shapes of curves for the tensile properties. 

4. The ratios of ultimate bearing stress and ultimate shear stress 
to ultimate tensile stress are each found to be nearly inde- 
pendent of time and temperature over the range considered. 
The ratio of bearing yield stress to tensile yield stress is 
more variable. 

5. The data obtained at the higher temperatures should be used 
with caution in design since strengths indicated in short-time 
tests may be greater than those obtainable with steady load- 
ing over long periods. 
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DISCUSSION 


Written Discussion: By R. L. Moore, research engineer, Engineering 
Design Division, Aluminum Research Laboratories, Aluminum Company of 
America, New Kensington, Pa. 

By presenting data on the effect of elevated temperatures upon the bearing 
properties of 24S-T sheet and the shearing strength of 24S-T rivets, the auth- 
ors have provided new information of value to designers of riveted, thin-sheet 
construction. It is quite convenient, although not entirely unexpected, that the 
effects of temperature on these properties parallel closely those observed in 
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elevated temperature tensile tests of the same aluminum alloys. The results 
of these tests provide a basis for estimating elevated temperature bearing and 
shearing properties for other aluminum alloys for which elevated temperature 
tensile data are already available.’ 

The authors have failed to emphasize the interesting fact that the maxi- 
mum losses of 9% at 212 F and 15% at 250F, given in conclusion 1, were 
confined to bearing properties. The losses in shear strength at these tempera- 
tures were negligible. It was only at the 300 and 375F levels that the losses 
in shear and bearing properties were comparable. 

Although the maximum heating times employed were sufficient to indicate 
useful, general relationships between bearing, shear, and tensile properties at 
elevated temperatures, care must be exercised, as the authors point out, in 
using these data in designs involving longer heating periods. The steep gradi- 
ents shown on the curves for 300 and 375 F in Fig. 7, for example, obviously 
do not permit much extrapolation beyond the 500-hour and 1000-hour limits 
investigated. Elevated temperature tensile tests made at Aluminum Research 
Laboratories on 24S-T have shown losses of as much as 37% in ultimate 
strength after 10,000 hours’ heating at 300 F, as compared to the loss of only 
20% observed by the authors after 1000 hours. After 1000 hours’ exposure at 
300 F, the tensile yield strength was increased about 14%, according to Fig. 9, 
whereas after 10,000 hours’ heating at the same temperature other tests have 
shown a decrease in tensile yield strength of as much as 22%. These data 
indicate the possible significance of heating time upon elevated temperature 
tensile properties. It seems reasonable to expect that bearing and shearing 
strengths will be influenced in much the same way. 

The selection of allowable bearing design stresses for aluminum alloys, 
such as given in ANC-5,? has been based to a large extent upon the use of 
typical ratios of bearing to tensile properties, obtained from tests* similar in 
many respects to those described by the authors. In view of the considerable 
emphasis placed upon this type of ratio it should be pointed out that the ratios 
given in the paper are not directly comparable to those which may be shown 
to exist between current design values in bearing and tension in ANC-5. The 
authors’ bearing tests were made on specimens having an edge distance of four 
times the diameter of the bearing hole whereas edge distances of 1.5 and 2.0 
times the hole diameter are the only ones covered in ANC-5. The authors’ 
bearing tests, moreover, were made in a with-grain direction on 0.032-inch 
thick, bare 24S-T sheet, whereas the tensile properties with which the bearing 
strengths were compared were for 0.040-inch thick Alclad 24S-T sheet, tested 
across grain. As a result of this questionable procedure, the ratios of bearing 
to tensile properties shown in Fig. 11 of the paper for 75 F are considerably 
higher than the ratios used in computing the ANC-5 design values. The con- 
stancy of the ratios observed for various temperatures and heating times is the 


*Alcoa Aluminum and Its Alloys,’”’ Published by Aluminum Company of America, 1946. 

2*Strength of Aircraft Elements,’’ ANC-5, Amendment 1, 1943. 

3R. L. Moore and C. Wescoat, “Bearing Strengths of Some Wrought-Aluminum Alloys,” 
Technical Note No. 901, N.A.C.A., 1943; R. L. Moore and C. Wescoat, ‘Bearing Strengths 
of 24S-T Aluminum-Alloy Plate,” Technical Note No. 981, N.A.C.A., 1945; C. Wescoat 
and R. L. Moore, “‘Bearing Strengths of 75S-T Aluminum-Alloy Sheet and Extruded Angle,” 
Technical Note No. 974, N.A.C.A., 1945. 
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significant finding in these tests, not the absolute value of the ratios. The 
same is true of the ratios given between the shear strength of the 24S-T 
rivets and the tensile strength of 0.040-inch Alclad 24S-T sheet, shown in 
Fig. 10. 


Authors’ Reply 


The authors thank Mr. Moore for his comments which undoubtedly add 
to the value of the paper. 

It is true that at temperatures up to 250 F the decreases in bearing prop- 
erties are greater than those affecting ultimate shear stress. 

The comparison of the 10,000-hour tensile properties obtained at the 
Aluminum Research Laboratories with the corresponding 1000-hour values 
listed in Fig. 9 illustrates the hazards involved in attempts to extrapolate such 
data. 

For the reasons cited by Mr. Moore, it is proper to emphasize that the 
absolute values of the ratios of bearing to tensile properties derived in the 
paper are of less significance than the observations on the response of the ra- 
tios to elevated temperature exposure. This, of course, was also the belief of 
the authors. 








THE EFFECTS OF MICROSTRUCTURE ON THE 
MECHANICAL PROPERTIES OF STEEL 


By J. H. Hottomon, L. D. Jarre, D. E. McCartuy Aanp 
M. R. Norton 


Abstract 


The effects of microstructure on the mechanical 
properties of two steels have been investigated. Specimens 
of an NE 8735 steel were first heat treated to produce 

various as-quenched structures, namely, martensite, mar- 
tensite plus ferrite and pearlite, and martensite plus bainite. 
These specimens were then tempered before testing. 
Specimens of an SAE 3135 steel were embrittled various 
amounts by heating at 450 C for different periods of time 
after tempering at a higher temperature. Specimens of each 
steel with each heat treatment were tested in tensile, 
notched-bar impact, and fatigue tests. Except for the re- 
duction of area (and fracture strength), the tensile proper- 
ties are unaffected by changes in structure. The impact 
properties, which re fle ct the fracture strength at small 
strains, are very dependent upon structure. The fatigue 
properties as determined in tests in R. R. Moore machines 
are affected to a limited extent by changes im structure. 
The properties of tempered martensitic steels are superior 
to those of steel having other structures. 


INTRODUCTION 


ie has become recognized that the microstructure of steel plays the 
predominant role in determining its mechanical properties. Steels 
of different compositions have very nearly the same properties if they 
have the same structure. Though the individual references to the effect 
of structure on the mechanical properties of steel are too numerous to 
list, it should be pointed out that many years ago Brinell (1)* found 


The statements or opinions in this article are those of the authors and do not necessarily 
express the views of the Ordnance Department. 


‘The figures appearing in parentheses pertain to the references appended to this paper. 
A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. At the time this 
investigation was made, J. H. Hollomon was captain, Ordnance Department, 
L. D. Jaffe and M. R. Norton were metallurgists, and D. E. McCarthy, corporal, 
Ordnance Department, Watertown Arsenal Laboratory, Watertown, Mass. 
Manuscript received March 18, 1946. 
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quenched and tempered steel to have greater toughness than steel 
slowly cooled from a high temperature. Furthermore, Bain (2) has 
discussed the superiority of the properties of steel having a structure 
consisting of spheroidal carbides in a matrix of ferrite. Wartime 
experience with guns, armor, and projectiles has indicated that for such 
applications this structure (tempered martensite) is required. The 
main impetus to the study of hardenability has been the desire of 
metallurgists to produce this structure in steel parts so as to obtain the 
optimum combination of mechanical properties. 

Few studies of the effect of microstructure on the mechanical 
properties have indicated how structure affects all of the different 
mechanical properties of steels. It is the purpose of this paper to de- 
scribe the results of a rather comprehensive series of experiments 
designed to determine the properties of steels having different struc- 
tures. In these experiments, tensile, impact, and fatigue tests were 
performed. It is hoped that the effect of structure upon the creep 
properties will be studied in later experiments. 

In practice, five transformations may occur during heat treatment 
to prevent the formation of a structure that is completely tempered 
martensite. Upon quenching, ferrite, cementite, pearlite or bainite may 
form, and during tempering the transformation resulting in temper 
brittleness may take place. The present study was designed to illus- 
trate how the introduction of pearlite and ferrite in combination, of 
bainite, and of the constituent responsible for temper brittleness affect 
the properties of tempered martensitic steel. 


MATERIALS AND HEAT TREATMENT 
Two steels, SAE 3135 and NE 8735, were obtained in the form of 


hot-rolled, ¥g-inch diameter bar stock. The check analyses of the 
heats were: 


Material C Mn Si S P Ni Cr Mo 
SAE 3135 0.35 0.87 0.22 0.022 0.029 1.16 0.50 Trace 
NE 8735 0.34 0.95 0.26 0.018 0.014 0.66 0.56 0.24 


The 8735 steel was chosen for isothermal treatments because it 
could be quenched to martensite in the 5<-inch round size and had 
sufficient pearlitic hardenability to permit complex isothermal treat- 
ments. It was not possible, however, to produce severe temper embrittle- 
ment in this steel within a reasonable time. It was particularly im- 





*Austenite also may be retained upon quenching and may subsequently transform upon 
tempering or remain unaltered. 
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portant, from the standpoint of the tests herein reported, to include 
the effect of this variation in structure, since by means of the trans- 
formation that leads to temper brittleness a change in impact properties 
can be effected without inducing any major change in the tensile 
properties as ordinarily measured at room temperature. To obtain 
varying degrees of temper brittleness a commercial steel (SAE 3135) 
not containing molybdenum was selected. 

Quenched specimens of the NE 8735 steel were to be tempered 
to various hardnesses. It was desired to determine the properties of the 
tempered martensitic specimens over as wide a range of hardness as 
possible. It was also considered desirable to test the tempered specimens 
containing (upon quenching) mixtures of martensite, pearlite and 
ferrite, and of martensite and bainite, at hardnesses used also for the 
tempered martensitic specimens. 

To accomplish these ends, it was necessary to perform certain 
preliminary experiments. An austenitizing treatment which would 
result in solution of the carbides and yet not induce undesirable grain 
growth had to be determined for each steel. The hardness response of 
each steel to tempering also had to be determined. For these preliminary 
tests a number of blanks 54 inch in diameter and 3 inches long were 
used. The blanks were quenched after holding 1 hour at various tem- 
peratures and disks were then cut from their centers for microscopic 
examination. Austenitizing the NE 8735 steel above 925 C (1700 F) 
resulted in marked grain growth, and marked growth took place above 
900 C (1650 F) in the SAE 3135 steel. However, since no undissolved 
carbides were visible upon microscopic examination of the specimens 
of the NE 8735 steel austenitized at 900 C (1650 F) and the specimens 
of the SAE 3135 steel austenitized at 870 C (1600 F), these tempera- 
tures were chosen for austenitizing. 

Additional blanks of each steel were austenitized at the selected 
temperatures. Disks taken from these blanks were then tempered at 
various temperatures for 1 hour and quenched in water. The hardnesses 
of these specimens were determined and plotted as a function of the 
tempering temperature. For the NE 8735 steel the hardness of these 
disks increased with increasing temperatures above 690 C (1275 F), 
indicating that the lower critical had been exceeded. Thus the lowest 
hardness obtainable in these tests was that produced by tempering at a 
temperature slightly below 690 C. This minimum hardness was found 
to be Rockwell C-17. The maximum hardness was limited by the 
temperatures at which low (tempering) temperature brittleness occurs : 
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Table I 
Heat Treatments to Produce Tempered Martensite and Temper Brittleness 
Austenitize* Temper* ; 
Rockwell C 1 hr. at 1 hr. at Embrittle* 
Steel Series Hardness Cc * at 455 C 
NE 8735 ¥y 17 900 685 —- 
NE 8735 A 25 900 655 — 
NE 8735 B 31 900 605 -- 
NE 8735 Cc 35 900 575 — 
NE 8735 G 39 900 485 —- 
NE 8735 E 42 900 420 -- 
SAE 3135 Q 25 870 600 -- 
SAE 3135 Ss 25 870 600 5 hours 
SAE 3135 = 24 870 600 50 hours 
SAE 3135 U 23 870 600 500 hours 





*All specimens water-quenched after austenitizing, tempering and embrittling treatments. 

















230 to 400 C (450 to 750 F) (3). The minimum tempering tempera- 
ture was set at 420C (790 F). Tempering at this temperature for 1 
hour produced a hardness of Rockwell C-42. Four other tempering 
temperatures were chosen between these two extremes (Table 1). 
These temperatures produced hardnesses of Rockwell C-25, 31, 35 
and 39. 

To determine the effect of (tempered) bainite and pearlite it was 
necessary to obtain specimens having the same hardness as some set 
of the tempered martensitic specimens. It was thought that tests at 
the lowest hardness might not be sufficiently severe to distinguish be- 
tween the impact properties of the steels of various structures at the 
lowest testing temperature readily available in the laboratory (—78 C, 
—108 F). Thus the hardnesses common for the specimens of various 
structures were chosen as Rockwell C-25 and 31. It was desired to study 
the properties of tempered specimens containing pearlite plus ferrite 
and those containing bainite, each formed at two temperatures. Pre- 
liminary isothermal transformation and tempering treatments were 
performed to determine the proper treatments. It was found that 
any wholly pearlitic (and ferrite) structure would be too soft after 
tempering within the selected range. Thus isothermal treatments were 
chosen that would produce only partial pearlite and ferrite formation. 
Tempering temperatures (Table II) were determined that were ex- 
pected to produce Rockwell C-25 and 31 after partial pearlite (and 
ferrite) formation at two temperatures. 

Since the bainite reaction does not go to completion except at the 
lowest temperatures of transformation, the possibility of obtaining a 
completely bainitic structure before tempering was not considered. Two 
isothermal treatments that would lead to partial bainite formation 
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were chosen by means of preliminary experiments. After the partial 
transformation to bainite and before tempering the specimens were 
cooled in liquid nitrogen to —196 C (—320 F) to minimize retention 
of austenite. Tempering treatments were selected to produce Rockwell 
C-25 after transformation at two temperatures in the bainite range 
(Table IT). 

To determine the effect of temper brittleness, the SAE 3135 steel 
was used. A hardness of Rockwell C-25 was chosen because it could 


Table Il 


Isothermal Heat Treatment of NE 8735 Steel to Produce Bainite and Pearlite. All Speci- 
mens Austenitized 1 hour at 900 C and Water-Quenched from Tempering Temperature. 


Rockwell C Isothermal and Tempering Treatment 


Steel Series Hardness (a) To Produce Bainite 
NE 8735 L 25 Water-quenched from austenitizing temperature and held for 


5 seconds; transferred to salt pot at 400 C and held for 5 
minutes; water-quenched to room temperature. Cooled in liquid 
nitrogen and tempered at 590 C for 1 hour. 

NE 8735 Z 22 Water-quenched from austenitizing temperature and held for 
4 seconds; transferred to salt pot at 470 C and held for 11 
minutes; water-quenched to room temperature. Cooled in liquid 
nitrogen and tempered at 635 C for 1 hour. 


(b) To Produce Pearlite and Ferrite 


NE 8735 H 21 Transferred from austenitizing temperature to salt pot at 
600 C and held for 115 minutes, then water-quenched. Tem- 
pered 1 hour at 625 C. 


NE 8735 M 30 Same isothermal treatment as Series H. Tempered 1 hour 
at 510 C. 
NE 8735 P 25 Transferred from austenitizing temperature to salt pot at 


550 C and held for 6.5 hours, then water-quenched. Tempered 
1 hour at 615 C. 


NE 8735 K 30 Same isothermal treatment as Series P. Tempered 1 hour 
at 570 C. 


be obtained at a tempering temperature in excess of 595 C (1100 F) 
(above which no embrittlement occurs upon tempering). The em- 
brittling temperature and times were chosen on the basis of past 
experience with other steels. 

For heat treatment, the 54-inch diameter bar stock was cut into 
3% .-inch lengths for tensile and fatigue specimens, and into 5-inch 
lengths for Charpy specimens. After heat treatment, two standard 
V-notched Charpy impact specimens were machined from each 5-inch 
length. To keep the structure and hardness of the fatigue, impact, and 
tensile specimens as uniform as possible, all specimens undergoing the 
same heat treatment were machined from the same length of bar stock 
and were treated together. Tables I and II list the heat treatments 
used. All specimens were water-quenched following tempering. 
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FATIGUE SPECIMEN FOR ROTATING-BEAM MACHINE (R.R. MOORE) 


-———————3¥ 
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STANDARD V-NOTCH CHARPY IMPACT SPECIMEN 
Fig. 1—Specimens Used in This Study. 


SPECIMENS AND TESTS 


Mechanical Tests—Fig. 1 illustrates the types of specimens used 
in this investigation. Fatigue specimens were rough machined on a 
lathe and then ground on an abrasive wheel to approximately 0.205 inch 
on the minimum diameter, after which they were hand polished with 
abrasive papers in the following order 


Grit No. 150 
Grit No. 220 
Grit No. 320 
Grit No. 00 
Grit No. 000 


Abrasive papers of grit Nos. 150, 320 and 000 were moved along the 
axis of the specimens while abrasive papers 220 and 00 were moved at 


wt wh 
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right angles to it. This method of polishing was used to facilitate the 
removal of scratches left by the previous paper. The longitudinal 
polishing was done by mounting the specimen between centers and 
turning it slowly by one hand while moving the abrasive paper back 
and forth under a medium pressure with the other hand. Circumfer- 
ential polishing was done by turning the specimen slowly in a bench 
lathe while holding the abrasive paper against the specimen with a 
moderate pressure. When polishing was completed the specimens 
were viewed under a magnifying glass to make certain that all radial 
scratches and tool marks had been removed. The minimum diameter 
of the specimen was measured to the nearest ten-thousandth of an inch. 
The fatigue tests were performed at a speed of 1750 rpm on 
R. R. Moore rotating-beam fatigue machines, a description of which 
may be found elsewhere (4). All stresses were computed by means of 
the simple beam formula: 
16WL 
ord? 
where F is the maximum fiber stress, W the load applied, d the diameter 
of the specimen and L the moment arm (4 inches on the R. R. Moore 
machine ). 


F = 


The V-notch Charpy impact specimens were broken in a standard 
impact machine of 120 foot-pounds capacity. A mixture of dry ice 
and acetone was used to cool the specimens to 0, —40 and —78&C 
(32, —40 and —108 F). Hot water was used for heating the speci- 
mens to 50C (122F), and an oil bath for temperatures of 100 C 
(212 F) and above. It was assumed that there was only a negligible 
change in temperature of the specimens while they were transferred 
from the heating or cooling medium to the impact machine. 

Two 0.357-inch tensile specimens of each heat treatment series 
were tested. One of these was tested in a hydraulic machine. The 
yield strength, tensile strength, per cent elongation in 1.4 inch, and 
per cent reduction of area were determined from this specimen. The 
second specimen was pulled on a lever-type machine. One person re- 
corded the diameter while a second simultaneously recorded the load. 
From these data, “true’’ stress-strain curves were constructed. 

Metallographic examinations of the blanks for establishing the 
treatments to be used were made on disks cut transversely from the 
midlengths of the blanks. For the final heat treatment a blank was 
sectioned before tempering and examined microscopically at its mid- 
length. The structures after tempering were observed on transverse 
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samples cut from one of the broken fatigue specimens of each series. 


These samples were taken approximately 3 inch from the fractured 
ends of the specimen. 


RESULTS 


The results of the tensile, fatigue, and impact tests of the speci- 
mens of the various structures are presented in Figs. 2 to 17 inclusive. 
The figures include a description of the heat treatment, the tensile 
properties, the impact properties over a range of testing temperatures, 
and the results of the fatigue tests. Included also are the stress-strain 
curves plotted both on a linear and on a logarithmic scale. Photo- ' 
micrographs illustrating the structures of the steels after each heat 
treatment are given in Figs. 18 to 21 inclusive. 

Figs. 2 to 7 illustrate the effect of tempering on the properties of 
martensite (SAE 8735). The specimens were fully martensitic as 
quenched, as illustrated by Fig. 18a. The photomicrographs of Figs. 
18b to 18g show the gradual precipitation and spheroidization of the 
carbides resulting from the several tempering treatments at increas- 
ing temperatures. 

The data of Figs. 8 and 9 give the results for specimens trans- 
formed at 400 and 470C (750 and 880F). The structure resulting 
from the treatment at 400 C (750 F) is illustrated in Fig. 19a. The 
structure is essentially bainitic, and as illustrated in the photomicro- 
graph consists of areas of ferrite in which carbides have precipitated 
and areas of supersaturated ferrite. The ferrite (supersaturated with 
carbon) is the first product of the bainite reaction from which the car- 
bide later precipitates. The photomicrograph of Fig. 19c illustrates the 
partial bainite formation that occurred at 470 C (880 F). The structure 


_ consists of bainite in a matrix of martensite. The bainite of this struc- 


ture consists of ferrite with the carbide primarily at its boundaries. The 
photomicrographs of Figs. 19b and 19d illustrate the effect of the 
tempering upon the structures shown in Figs. 19a and 19c respectively. 

In the pearlitic series (Figs. 10 to 13) it was not possible to 
permit complete transformation to pearlite and ferrite and still obtain 
the hardness of the tempered martensitic steels. Pearlite plus ferrite 
(Figs. 20a and 20d) was produced by isothermal transformation at 
600 and 550 C (1110 and 1020 F). Possibly there may be some bainite 
in the structure of the specimen transformed at 550 C (1020 F). The 
dark area at the lower left of Fig. 20d differs from the dark nodular 
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Fig. 2—Test Results for Specimens of Steel NE 8735, Series Y. Structure: 
tempered martensite. Heat treatment: austenitized at 900C for 1 hour and water- 
quenched. Tempered at 685 C for 1 hour and water-quenched. Tensile data: Rockwell 
C-17; yield strer gth, psi (0.1%), 94,000; tensile strength, psi, 111,600; elongation, 
25.0%; reduction of area, 70.1%. 
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Fig. 3—Test Results for Specimens of Steel NE 8735, Series A. Structure 
tempered martensite. Heat treatment: austenitized at 900C for 1 hour and water 
quenched. Tempered at 655 C for 1 hour and water-quenched. Tensile data: Rockwell 
C-25; yield strength, psi (0.1%), 110,600; tensile strength, psi, 127,500; elongation, 
21.4%; reduction of area, 68.9%. 
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Fig. 4—Test Results for Specimens of Steel NE 8735, Series B. Structure: 
tempered martensite. Heat treatment: austenitized at 900C for 1 hour and water- 


quenched. Tempered at 605 C for 1 hour and water-quenched. Tensile data: Rockwell 


C-31; yield strength, psi (0.1%), 128,700; tensile strength, psi, 143,500; elongation, 
19.3%; reduction of area, 66.0%. 
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Fig. 5—Test Results for Specimens of Steel NE 8735, Series C. 


- Structure: 
tempered martensite. Heat treatment: austenitized at 900C for 1 


hour and water- 


quenched. Tempered at 575 C for 1 hour and water-quenched. Tensile data: Rockwell 
C-35; yield strength, psi (0.1%), 151,200; tensile strength, psi, 163,000; elongation, 
17.1%; reduction of area, 61.3%. 
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Fig. 6—Test Results for Specimens of Steel NE 8735, Series G. Structure: 
tempered martensite. Heat treatment: austenitized at 900 C for 1 hour and water- 
quenched. Tempered at 485 C for 1 hour and water-quenched. Tensile data: Rockwell 


C-39; yield strength, psi (0.1%), 176,200; tensile strength, psi, 188,000; elongation, 
14.3%; reduction of area, 57.8%. 
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Fig. 7—Test Results for Specimens of Steel NE 8735, Series E. Structure: 
tempered martensite. Heat treatment: austenitized at 900C for 1 hour and water- 
quenched. Tempered at 420C for 1 hour and water-quenched. Tensile data: Rockwell 
C-42; yield strength, psi (0.1%), 183,700; tensile strength, psi, 198,500; elongation, 
13.6%; reduction of area, 57,8%. 
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Fig. 8—Test Results for Specimens of Steel NE 8735, Series L. Structure 
tempered bainite plus tempered martensite. Heat treatment: austenitized at 900C for 1 
hour and water-quenched for 5 seconds. Transferred to salt pot at 400C, held for 5 
minutes and water-quenched. Cooled in liquid nitrogen and tempered at 590C for 


1 hour. Water-quenched. Tensile data: Rockwell C-25; yield strength, psi (0.1%), 
98,000; tensile strength, psi, 126,500; elongation, 21.4%; reduction of area, 63.4%. 
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Fig. 9—Test Results for Specimens of Steel NE 8735, Series Z. Structure: 
tempered bainite plus tempered martensite. Heat treatment: austenitized at 900 C for 1 
hour and water-quenched for 4 seconds. Transferred to salt pot at 470 C, held for 11 
minutes and water-quenched. Cooled in liquid nitrogen and tempered at 635C for 
1 hour. Water-quenched. Tensile data: Rockwell C-22; yield strength, psi (0.1%), 
98,500; tensile strength, psi, 123,500; elongation, 21.4%; reduction of area, 63.4%. 
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Fig. 10—Test Results for Specimens of Steel NE 8735, Series H. Structure: 
tempered pearlite, ferrite and martensite. Heat treatment: austenitized at 900C for 1 
hour. Transferred to salt pot at 600C, held for 115 minutes and water-quenched. 


Tempered at 625 C for 1 hour and water-quenched. Tensile data: Rockwell C-21; yield 
strength, psi (0.1%), 96,200; tensile strength, psi, 122,500; elongation, 20.7%; reduction 
of area, 57.8%. 
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Fig. 11—Test Results for Specimens of Steel NE 8735, Series M. Structure: 
tempered pearlite, ferrite and martensite. Heat treatment: austenitized at 900C for 1 
hour. Transferred to salt pot at 600C, held for 115 minutes and water-quenched. 
Tempered at 510 C for 1 hour. Tensile data: Rockwell C-30; yield strength, psi (0.1%), 
111,200; tensile strength, psi, 155,500; elongation, 12.9%; reduction of area, 38.5%. 
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Fig. 12—Test Results for Specimens of Steel NE 8735, Series P. Structure: 

tempered pearlite, ferrite and martensite. Heat treatment: austenitized at 900C for 1 
hour. Transferred to salt pot at 555C, held for 6.5 hours and water-quenched. 
Tempered at 615 C for 1 hour. Tensile data: Rockwell C-25; yield strength, psi (0.1%), 


111,200; tensile strength, psi, 134,000; elongation, 19.3%; reduction of area, 57.0%. 
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Fig. 13—-Test Results for Specimens of Steel NE 8735, Series K. Structure: 
tempered pearlite, ferrite and martensite. Heat treatment: austenitized at 900C for 1 
hour. Transferred to salt pot at 550C, held for 6.5 hours and water-quenched. 
Tempered at 570 C fer 1 hour. Tensile data: Rockwell C-30; yield strength, psi (0.1%), 
126,200; tensile strength, psi, 154,000; elongation, 17.9%; reduction of area, 54.1%. 
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Fig. 14—Test Results for Specimens of Steel SAE 3135, Series Q. Structure: 
tempered martensite. Heat treatment: austenitized at 870C for 1 hour and water- 


quenched. Tempered at 600 C for 1 hour and water-quenched. Not embrittled. Tensile 
data: Rockwell C-25; yield strength, psi (0.1%), 113,700; tensile strength, psi, 129,000; 
elongation, 20.7%; reduction of area, 66.3%. 
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Fig. 15—Test Results for Specimens of Steel SAE 3135, Series S. Structure: 
tempered martensite plus temper brittleness. Heat treatment: austenitized at 870 C for | 
hour and water-quenched. Tempered at 600 C for 1 hour and water-quenched. Embrittled 
at 455 C for 5 hours and water-quenched. Tensile data: Rockwell C-25; yield strength, 
psi (0.1%), 117,500; tensile strength, psi, 130,000; elongation, 21.4%; reduction of 
area, 64.7%. 
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Fig. 16—Test Results for Specimens of Steel SAE 3135, Series T. Structure: 
tempered martensite plus temper brittleness. Heat treatment: austenitized at 870C for 1 
hour and water-quenched. Tempered at 600 C for 1 hour and water-quenched. Embrittled 
at 455C for 50 hours and water-quenched. Tensile data: Rockwell C-24; yield strength, 
psi (0.1%), 111,200; tensile strength, psi, 126,000; elongation, 20.7%; reduction of 
area, 64.0%. 
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Fig. 17—Test Results for Specimens of Steel SAE 3135, Series U. Structure: 
tempered martensite plus temper brittleness. Heat treatment: austenitized at 870C for 1 
hour and water-quenched. Tempered at 600 C for 1 hour and water-quenched. Embrittled 
at 455 C for 500 hours and water-quenched. Tensile data: Rockwell C-23; yield strength, 
psi (0.1%), 108,700; tensile strength, psi, 123,000; elongation, 21.4%; reduction of 
area, 64.0%. 
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Fig. 18—Photomicrographs of Specimens in Tempered Martensite Series 
see pare te for moplete ta 


areas (pearlite) and may be a result of the bainite transformation. The 
photomicrographs of Figs. 20b, 20c, 20e and 20f illustrate the tem- 
pered structures. 
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Fig. 18—Photomicrographs of Specimens in Tempered Martensite Series. 
See page 836 for complete data 


The 54-inch diameter blanks of SAE 3135 could not be quenched 
to martensite even in violently agitated water. The specimens all con- 
tained approximately 10% bainite before tempering. The dark area to 
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Fig. 19—Photomicrographs of Specimens in Tempered Bainite Series. 
See page 836 for complete data 


the right of the center of Fig. 2la typifies the bainite formed upon 
quenching. In order to secure varying degrees of embrittlement, groups 
of specimens were heated to 455 C (850 F) for varying times. Some 
slight additional tempering did occur during the long-time treatments, 
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Fig. 20—-Photomicrographs of Specimens in Tempered Pearlite Series. 
See page 836 for complete data. 


but the photomicrograph of Fig. 21b illustrates a typical structure 
after tempering and embrittlement. The results of the mechanical 
tests on the temper-brittle specimens are given in Figs. 14 through 17. 
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Fig. 20—Photomicrographs of Specimens in Tempered Pearlite Series. 
See page 836 for mplete data 


DISCUSSION OF RESULTS 


Tensile and Impact Properties—The slope of the logarithmic 
stress-strain curve is a measure of the rate of strain hardening (5) and 
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FIG. 


Etchant, 1% Nital. 


Heat Treatment 
900 C, water-quenched. 


900 C, water-quenched, tem- 
pered at 420 C. 


900 C, water-quenched, tem- 
pered at 485 C. 


900 C, water-quenched, tem- 
pered at 575 C. 


900 C, water-quenched, tem- 
pered at 605 C. 


900 C, water-quenched, tem- 
pered at 655 C. 


900 C, water-quenched, tem- 
pered at 685 C. 


BAINITE SERIES 


18—PHOTOMICROGRAPHS OF SPECIMENS IN TEMPERED 
MARTENSITE SERIES 
N. A. of Objective: 0.95. 


xX 1000 

Microstructure 
Martensite. 

Tempered martensite with fine 
precipitated carbide unre- 
solved at this magnification. 
Similar to Fig. 18b. 


Tempered martensite with un- 
resolved precipitated carbides. 
Similar to Fig. 18d but with oc- 
casional resolved carbides. 
Similar to that of Fig. 18e but 
with more resolved carbides. 
Tempered martensite with 
most of the pnt car- 
bides resolved. 


19—PHOTOMICROGRAPHS OF SPECIMENS IN TEMPERED 


Etchant, 1% Nital. N. A. of Objective: 0.95. > 1000 





Fig. Steel 

18a NE8735 
18b NE8735 
18c NE8735 
18d NE8735 
18e NE8735 
18f NE8735 
18g NE8735 

FIG. 

Fig. Steel 

19a NE8735 
19b NE8735 
19c NE8735 
19d NE8735 

Etchant, 1% Nital. 

Fig. Steel 

20a NE8735 
20b NE8735 
20c NE8735 
20d NE8735 
20e N E8735 
20f NE8735 





Heat Treatment 


Transformed isothermally at 
400 C, water-quenched. 


Transformed isothermally at 
400 C, water-quenched, tem- 
pered at 590 C. 

Transformed isothermally at 
470 C, water-quenched. 
Transformed isothermally at 


470 C, water-quenched, tem- 
pered at 635 C. 


Microstructure 
Mostly bainite. 


Same as Fig. 19a except that 
carbides are more readily re- 
solved. 


Bainite in martensite matrix. 


Same as Fig. 19c except that 
carbides precipitated during 
tempering are present. 


FIG. 20-PHOTOMICROGRAPHS OF SPECIMENS IN TEMPERED 


PEARLITE SERIES 


Heat Treatment 


Transformed isothermally at 
600 C, water-quenched. 


Transformed isothermally at 
600 C, water-quenched, tem- 
pered at 510 C. 


Transformed isothermally at 
600 C, water-quenched, tem- 
pered at 625 C. 


Transformed isothermally at 
550 C, water-quenched. 
Transformed isothermally at 


550 C, water-quenched, tem- 
pered at 570 C. 


Transformed isothermally at 
550 C, tempered at 615 C. 


N. A. of Objective: 0.95. 


xX 1000 


Microstructure 


Areas of pearlite (dark) and 
ferrite (white) in background 
of martensite. 

Same as Fig. 20a except that 
martensite regions now reveal 
carbide precipitated during 
tempering. 

Same as Fig. 20b. 


Similar to Fig. 20a. 


Same as Fig. 20d except that 
martensite regions reveal car- 
bide precipitated during tem- 
pering. 

Same as Fig. 20e. 
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FIG. 2iI—PHOTOMICROGRAPHS OF SPECIMENS IN TEMPER- 
BRITTLE SERIES 
2tchant, 1% Nital. N. A. of Objective: 0.95. x 1000 





Fig. Steel Heat Treatment Microstructure 


21a SAE3135 900 C, water-quenched. Martensite with small per- 
centage of bainite. Dark area 
to the right of center is bainite. 


2tb SAE3135 900 C, water-quenched, tem- Tempered martensite and tem- 
pered at 600 C, water- pered bainite. Precipitated 
quenched, embrittled at 455C, carbides are just barely re- 
water-quenched. solved. 


in Fig. 22 this slope is plotted as a function of the tensile strength. 
From this plot it is seen that the rate of strain hardening depends only 
upon the tensile strength. There is no observable difference between the 
values for the steels of the different structures.* However, since the 
yield-tensile ratios of the (partially) tempered pearlitic specimens and 
the (partially) tempered bainitic specimens are considerably smaller 
than those of the tempered martensitic specimens, the strain hardening 
exponents are larger for these specimens than for the tempered mar- 
tensitic at the same yield strength. This variation of yield-tensile ratio 
with structure has been discussed in detail by one of the authors in 
another paper (5) and has been shown to be due to differences in the 


*The strain hardening exponent does, however, depend upon carbon content (5). 
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and the Tensile Strength for the Steels of Various 
structures. 


type of initial yielding exhibited by the several steels. Tempered 
martensitic steels tend to exhibit the drop in load‘at yielding more 
readily than do steels of other structures. Thus, the yield strength as 
measured at small offsets measures the resistance to inhomogeneous 
yielding and this resistance depends upon structure. 

Fig. 23 illustrates that the reduction of areas of the tempered 
martensitic specimens are higher than those of the specimens of other 
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structures at corresponding tensile strengths. This difference is a 


Do 


result of a lower fracture stress as can be seen by inspection of Figs. 
to 13. The difference in the fracture properties is much more clearly 
illustrated by comparison of the impact properties plotted in these same 
figures. The impact energy of the tempered martensitic steels does 
not decrease significantly with decreasing testing temperature (above 

78 C) except for the specimens of the highest strength (200,000 psi 


tensile strength). However, the specimens having structures before 
tempering that were not completely martensitic have lower impact 
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Fig. 27—Relation Between Yield Strength, 
Tensile Strength, and Endurance Limit and the 
Brine Hardness of the Tempered Martensitic 

teels. 


energies at elevated testing temperatures and the transition temperature 
is evident in all of the plots. Fig. 24 shows the effect of structure on the 
impact properties more clearly. The three steels of the graph all had 
pproximately the same tensile strength (125,000 psi). The impact 
properties of the partially bainitic steel are intermediate between those 
‘tof the martensitic and those of the partially pearlitic. The difference 
in impact energy at high testing temperature reflects the difference in 
fracture stress observed in room temperature tensile tests, whereas 
the difference in transition temperature is a reflection of a difference in 
dependence of the fracture stress upon strain for the steels of differ- 
ent structures. (6). 





1947 MICROSTRUCTURE AND PROPERTIES OF STEEL 841 





Stress (OOOpsi) 





Fig. 28—Effect of Changing Yield Strength 
on the Logarithmic S-N Curves of Several of the 
Tempered Martensitic Steels. 
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The effect of temper brittleness upon the tensile and impact 
properties is illustrated in Figs 14 to 17..As the amount of the trans- 
formation increases, the transition temperature of the impact properties 
is raised, but the value of the energy above the transition temperature 
is not affected nor is the reduction of area in the normal tensile 
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tests (7). The fracture in the tensile test of the severely embrittled 
specimens (of Figs. 16 and 17) was, however, longitudinal rather 
than transverse. (Impact curves for the nonembrittled and most 
severely embrittled specimens are compared in Fig. 29.) This change 
in properties is slightly different from that effected by the change 
from tempered martensitic to tempered pearlitic, for, as pointed out 
above, in the latter both the elevated temperature impact properties and 
the reduction of area are affected. It must be concluded that the primary 
effect of the transformation that causes temper brittleness is to de- 
crease the fracture stress at small strains. There is little effect at 
large strains. 

Fatigue Properties—Endurance Limit—The endurance limits of 
the specimens of SAE 8735 steel having the various structures are 
plotted in Fig. 25 as functions of the tensile strength and in Fig. 26 
as functions of the yield strength (0.1% offset). Fig. 25 indicates that 
| many of the specimens which were not martensitic before tempering 
have lower endurance limits for a given tensile strength than do the 
‘martensitic specimens. This difference in endurance limit is less ap- 
parent in the plot of endurance limit versus the yield strength (Fig. 26). 
Thus, a low yield-tensile ratio is reflected in a low endurance limit. The 
higher yield strength of the tempered martensitic (and to some extent 
the tempered bainitic) steels raises the endurance limit at a fixed 
tensile strength. A summary of the tensile and yield strengths and the 
endurance limit of the tempered martensitic steels as functions of the 
Brinell hardness is presented as Fig. 27. 

S-N Curve—The S-N curves of tempered martensitic steel at 
several yield strengths are presented as Fig. 28. As indicated in this 
figure, the effect of changing the strength of tempered martensitic 
steels is to shift the entire S-N curve vertically with respect to itself. 
For the steels of different structures (tempered pearlite, tempered 
bainite, tempered martensite), the entire S-N curves are very nearly 
identical when the endurance limits are the same. However, if sufficient 
alteration in the fracture characteristic is obtained, the S-N curve is 
affected, as illustrated in Fig. 29. Here the fatigue data for the most 
severely embrittled and nonembrittled SAE 3135 steel are compared. 
The effect of the embrittlement is to shift the S-N curve toward smaller 
number of cycles. 

It must be pointed out, however, that under the conditions of the 
fatigue tests at 1750 rpm, the deformation that occurs at the high 
stress levels is adiabatic and the temperature of the specimen rises. Thus, 
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the conditions under which fracture occurs are less severe than they 
would be if the load were applied so slowly that the heat would have 
sufficient time to dissipate. No tests except those of P. Kosting (8) 
seem to have been performed at relatively slow rates. He found con- 
siderable difference between the fatigue properties of the steels having 
different impact properties. Further examination of the properties of 
steels in isothermal fatigue tests is needed. 


CONCLUSIONS 


The rate of strain hardening is not significantly affected by dif- 
ferences in structure if the height of the stress-strain curve (the 
tensile strength) is constant. The rate of strain hardening is, however, 
strongly dependent upon the tensile strength and, as has been shown 
earlier, upon the carbon content. The initial height of the stress-strain 
curve, if the yielding is inhomogeneous (Litders’ bands), is greater for 
tempered martensitic steels. 

Pearlite (plus ferrite) and bainite in the quenched structure of 
tempered specimens are reflected in lower reductions of area in standard 
tensile tests. The constituent responsible for temper brittleness does 
not affect the normal tensile properties unless the embrittlement is 
very severe. The reduction of area is reduced by severe embrittlement 
and the fracture of the tensile specimens may become, in part at least, 
longitudinal rather than transverse. The stress at fracture as determined 
in simple tension is‘seldom lowered more than a few thousand pounds 
per square inch by changing the structure from unembrittled tempered 
martensite (while maintaining a fixed tensile strength). 

The impact properties of tempered bainitic steels are intermediate 
between those of tempered pearlitic and tempered martensitic steels 
of the same hardness. The effect of temper brittleness on the impact , 
properties is to raise the temperature of transition from ductile to 
brittle failure. The effect of other changes in structure (from tempered 
martensite ) is to lower the energy level above the transition temperature 
as well as to raise the transition temperature. 

The endurance limit of steels having the same tensile strength 
depends upon structure through the effect of structure on the yield 
strength. Steels having a higher yield strength (due to inhomogeneous 
yielding) have a higher endurance limit. The logarithmic S-N curves 
of tempered martensitic steels are shifted vertically by changes in 
hardness: the fractional change in the stress required for fracture at 
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any fixed number of cycles is constant. There is little or no difference 
between the S-N curves (obtained by tests in R. R. Moore machines) 
above the endurance limits of steels partially bainitic or pearlitic before 
tempering and those of tempered martensitic specimens. Severe temper 
embrittlement decreases the number of cycles to failure above the 
endurance limit. The results at high stress values may not be widely 
applicable, however, because of the temperature rise of the specimens 
at the high frequency of loading employed in the standard fatigue tests. 

Steels having a tempered martensitic structure have mechanical 
properties superior to those of steels with other structures. At a given 
tensile strength, they have the highest yield strength, the highest 
ductility, the highest endurance limit, the greatest toughness under 
severe conditions and may endure high stresses for the greatest number 
of cycles. When these steels do fail, the energy absorbed in fracturing 
is higher than absorbed by steels with other structures. 
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DISCUSSION 


Written Discussion: By Roger Stuart Brown, Ajax Electric Co., 
Philadelphia. 

I certainly agree with the previous speaker that the last sentence of the 
authors’ conclusion, that tempered martensite is always the best structure for 
best physical properties, covers entirely too much ground. There is no need to 
review the many investigations to the contrary. I might remind the audience 
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of the excellent paper by H. J. Elmendorf* on the physical properties of various 
mixtures of bainite and tempered martensite. This showed decided superiority 
in high carbon steels and one low alloy steel of 30% mixture of bainite and 
tempered martensite over either bainite alone or tempered martensite alone. 

Taking a practical illustration, Roy M. Ellis‘ reported austempering a barrel 
bushing of the 0.45-caliber automatic pistol, which would produce bainite alone. 
Subjected to repeated impact in firing tests, it showed a fatigue value 11 times 
that of the same parts oil-quenched and tempered to the same hardness. 

It also seems evident that the benefit of bainitic structures is not confined 
entirely to high carbon steels. Percussion fuses used in shells for piercing tank 
armor were made by a quenching process which certainly produced a tempered 
bainite structure in 0.40% carbon steel, and withstood the shock of hitting armor 
plate better than the same parts made in quenched and drawn steel (tempered 
martensite) .“ 

I am in hearty agreement with the authors, that mixed structures containing 
ferrite or pearlite with or without bainite are inferior to tempered martensite 
alone. But, I am not convinced that their method of heat treatment produces 
only a bainite-tempered martensite structure—certainly not in the center of the 
piece, nor am I convinced the photomicrographs show the structure with bainite 
and tempered martensite to be free of ferrite. 

Written Discussion: By R. A. Grange, United States Steel Corporation 
Research Laboratory, Kearny, N. J. 

The influence of microstructure on the mechanical properties of steel 
comprises a very large and fruitful field for research; most published data on 
mechanical properties are not very helpful in this respect since in very few 
cases has the necessary attention been paid to microstructural details. The 
authors are to be highly commended for their systematic approach and for their 
thoroughness in investigating the effect of microstructure on mechanical prop- 
erties of NE 8735 as tempered to a hardness of Rockwell C-20 to 30. Their 
data showing the hatmful effect of temper brittleness on the S-N curves for 
SAE 3135 steel having a structure of tempered martensite is also a new and 
valuable contribution. It is felt, however, that some of the conclusions drawn by 
the authors may not be applicable to all steels; in particular, it is difficult to 
reconcile the authors’ conclusion that “the properties of tempered martensite are 
superior to those of steel having other structures” with the well-established 
superiority in certain respects of untempered bainite over tempered martensite 
at hardnesses of Rockwell C-50 or over in steel with higher carbon content 
than the NE 8735 studied by the authors. Furthermore, it should be pointed 
out that measurement of tensile, impact, or fatigue properties by means of 
arbitrary laboratory tests cannot always be correlated with actual performance 
of heat treated parts; this is particularly true of fatigue properties, in which 
case the distribution of residual stresses in an actual part may have a greater 
effect than difference in microstructure. 





*H. J. Elmendorf, “The Effect of Varying Amounts of Martensite Upon the Isothermal 
Transformation of Austenite Remaining After Controlled Quenching,” Transactions, 
American Society for Metals, Vol. 33, 1944, p. 236. 

‘Roy M. Ellis, ‘Isothermal Treatment of Pistol Parts,’’ Iron Age, Feb. 8, 1945. 


**Harold J. Babcock, “Isothermal Quench Bath Applied to Commercial Practice,’’ Jron 
Age, February 3 and 10, 1944. 








846 TRANSACTIONS OF THE A. S. M. Vol. 38 


The author’s statement on page 810 that “the bainite reaction does not go to 
completion except at the lowest temperatures of transformation” is contrary to 
the writer’s observation on low alloy steels similar to NE 8735 or SAE 3135; 
we would like to ask the authors to explain the basis for their statement. 


Authors’ Reply 


As Mr. Grange points out and as Mr. Brown infers, the statement that the 
properties of steel having the tempered martensitic structure are superior to 
steels having other structures may be too broad. However, there are several 
mitigating circumstances. In the first place, as is usual in papers of this sort, 
the authors were basing their conclusions primarily upon evidence they had 
obtained. Secondly, their own experience during the war, when they were in a 
position to examine the results of literally thousands of heats of medium carbon 
alloy steels treated to different structures, completely justifies this conclusion. 
In no case in which there were data were the properties of tempered bainite 
superior to those of tempered martensite in the steels used for guns and armor 
at hardnesses below about Rockwell C-43. It is in this respect that the statement 
made concerning the properties of tempered martensite should be limited, the 
experience of the authors being primarily with steels below Rockwell C-50 and 
having carbon contents below 0.50%. 

However, in the experimental comparisons of the properties of steels of 
different structures, both high and low carbon, there are many pitfalls and it is 
seldom that they all can be avoided. To cite a specific example, it is unlikely 
that the pistol parts described in the article by Ellis and referred to by Mr. 
3rown were tempered martensite before the introduction of the austempering 
treatment. Not only is the formation of bainite difficult to avoid even in small 
parts with WD 1075 when quenched in oil, but also the retention of austenite 
would always be a concomitant of martensite formation. The tests reported by 
Ellis cannot be construed as proving that the steels of one structure are better 
than another, but only that one treatment was better than another, neither of 
which produced structures liable. to posterior identification. As for the data 
of Elmendorf, as Foley’ points out, the marked improvement of the austempering 
treatments was very apparent in the two steels of the highest carbon content. 
Further, although Elmendorf does not give the dimensions of his specimens or 
the details of the quenching practice, it is possible that the quenched specimens 
did contain some bainite and without refrigeration treatments they certainly 
contained some retained austenite. 

The above discussion, while not refuting the possible advantage of (un- 
tempered) bainitic steels over tempered martensitic steels at hardnesses above 
about Rockwell C-45 to 50 and at carbon contents above 0.60%, does indicate that 
this conclusion is by no means well founded. It should also be pointed out that 
the data of Griffith, Pfeil and Allen® are in full agreement with ours. Really 
significant tests must yet be performed in the high hardness, high carbon range, 





5G. M. Foley, Discussion to paper of Elmendorf, Transactions, American Society for 
Metals, Vol. 33, 1944, p. 255. 


°W. T.-Griffth, L. B. Pfeil and N. P. Allen, Iron and Steel Institute, Second Report 
of the Alloy Steels Research Committee, 1939. 
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but for medium alloy steels at low hardnesses, the superiority of the tempered 
martensitic structure is, at least in the authors’ opinion, well grounded. 

Mr. Grange refers to the superiority of (untempered) bainitic steels over 
tempered martensitic steels at hardnesses of Rockwell C-50 and over. It is 
quite possible that this difference is due to the presence of retained austenite 
in the latter steel, and that it decomposed in tempering. It is also possible that 
the brittleness that occurs on tempering some martensitic steels affects adversely 
the properties of tempered martensites. Although Mr. Grange gives no refer- 
ences, it is assumed that he refers to early experiments made when the austemper- 
ing process was first developed. If memory serves, these experiments were in 
the main performed on plain (high) carbon steels with which the obtaining of 
a completely martensitic structure free of austenite is difficult at best. 

Mr. Grange’s point on the present unsatisfactory state of knowledge of the 
science of the behavior of metals is well taken. If we understood, in terms of 
consistent theory, the mechanical behavior of metals, there would be no question 
such as he raises concerning correlations between laboratory and field tests. 
Mr. Grange also asks for references to the lack of completion of the bainite 
reaction at high temperatures.” * ° 


7H. Lange and K. Mathieu, Mitt., Kaiser-Wilhelm Inst. f. Eisenforsch., Vol. 20, 1938, 
p. 125. 


‘W. T. Griffith, L. B. Pfeil and N. P. Allen, Iron and Steel Institute, Second Report 
of the Alloy Steels Research Committee, 1939. 


*H. Dépfer and H. J. Wiester, Archiv fiir das Eisenhiittenwesen, Vol. 8, 1938, p. 541. 











METALLURGICAL AND STRUCTURAL INVESTIGATION 
OF STEEL CASTINGS FOR AIRCRAFT 


By L. W. SmirH anp L. D. Morris 


Abstract 


Two types of steel castings, statically poured and cen- 
trifugally cast, were investigated metallurgically and struc- 
turally. Concurrently, forgings of identical components 
were similarly investigated to provide an additional com- 
parison. 

The metallurgical program tncluded the determina- 
tion of chemical and physical properties and the deter- 
mination of quality by magnafluxing, etching, radt- 
ographic and visual inspection, and metallographic exam- 
ination. The structural investigation included proof test- 


ing, fatigue and repeated load cycling, and static ultimate 
tests. 


In general, the investigation showed that: (a), sound 
steel castings can be obtained; and (b), castings with 
sound material and properties can be used in airplane 


primary structures to supplement and supersede present 
types of fabricated structural components. 


INTRODUCTION 


N the last few years under the impetus of wartime urgencies the 

quality of steel castings increased to a point where their use in 
airplane prime structure appeared feasible. Therefore, to substan- 
tiate such a viewpoint and to warrant consideration of cast steel 
parts for new models or redesigned parts, the Research Laboratory 
of the Curtiss-Wright Corporation instituted a program for the eval- 
uation of steel castings for aircraft. 

Several statically poured steel castings (Figs. 1 and 2) were ob- 
tained from Battelle Memorial Institute where they had been made 
on an experimental basis under a War Production Board contract in 
connection with steel castings for aircraft (1), (2), (3).1. These 
castings were the upper and lower terminals of the C-46 outboard 


1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-eighth Annual Convention of the 
Society, held in Atlantic City, November 18 to 22, 1946. Of the authors, L. W. 
Smith is section head, Metallurgy Section, Materials Department, and L. D. 
Morris is section head, Structural Test Section, Structures Department, Cornell 
Aeronautical Laboratory, Buffalo, New York. Manuscript received July 3, 1946. 
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Fig. 1—Upper Terminal Casting of C-46 Outboard Side Brace Strut. 


side brace strut and were similar in design to the forged production 
units. Centrifugal castings were likewise procured in order to make 
the program more comprehensive since there was the possibility of 
superior quality and greater ductility from the centrifugally cast 
type. The selected item (Fig. 3) was the forward fitting for the 
P-40 engine mount bearer tube since this fitting was of relatively 
simple design, consisting of a uniformly thick cylindrical wall and a 
lug, and was particularly suitable for casting centrifugally about its 
longitudinal axis. These fittings were cast by the American Steel 
Foundries, Chicago. 
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Fig. 2—Lower Terminal Casting of C-46 Outboard Side Brace Strut. 


The actual program of investigation was undertaken to spe- 
cifically determine from these castings: (a), metallurgical quality ; 
(b), mechanical properties of specimens taken from the body of the 
casting and (c), strength characteristics under simulated static and 
dynamic service loadings. Identical tests were performed on similar 
forged items in order to appraise the castings for aircraft use by 
comparison with acceptable and proven (though perhaps over- 
strength) service units. 





Fig. 3—P-40 Engine Mount Bearer Tube Fitting: Casting on the Left; Forging 
on the Right. 
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Fig. 4—C-46 Landing Gear Assembly. 


For the purpose of clarity, the experimental methods, the re- 
sults, and the discussion are presented as a unit for each type of 
casting: Part I of this paper includes information related to stat- 
ically cast side brace strut terminals, and Part II concerns cen- 
trifugally cast P-40 engine mount fittings. 


Part [| 


STATICALLY CAST TERMINALS For C-46 OuTBOARD 
SripE BRACE STRUT 


Description of Test ltem—A service outboard side: brace strut 
for the C-46 landing gear is composed of a forged upper terminal and 
a forged lower terminal welded to an inserted steel tube and its over- 
all length is approximately 314 feet. Fig. 4 shows this strut on an air- 
plane. In addition to the function of reacting a side load as its name 
implies, the outboard side brace strut is also employed to raise and 
lower the entire landing gear. To allow for this operation, an arm of 
the upper terminal of the strut is loaded in bending by a piston rod of 
a hydraulic cylinder as the strut and attached gear pivot on a spar 
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fitting. Three such strut assemblies but with substituted cast termi- 
nals were fabricated by the Curtiss-Wright Kenmore Plant according 
to regular shop practice which consisted of the following procedure: 


Casting and tubing normalized 

Castings rough machined 

Assembly welded together 

Assembly heat treated: 
Normalize 1575 F—1™% hrs.—air-cooled 
Quench 1625 F—2 hrs.—oil quench 
Draw 840 F—3 hrs.—air-cooled 

Assembly finish machined 

Assembly magnafluxed 


Pen 


ne 


EXPERIMENTAL METHODS AND RESULTS 


Inspection—Several sets of castings (upper and lower termi- 
nals) as-received were radiographed by an outside agency and later 
magnafluxed in an assembly but both methods failed to indicate the 
presence of hot tears in the upper terminal which were subsequently 
revealed by metallurgical examination. Visual inspection showed the 
castings to have a rough surface finish only. 

Metallographic Examination—One set of castings in the as- 
received condition was sectioned as shown by Figs. 5 and 6. They 
were etched in hot 1:1 HCl for 1 hour and examined for defects. 
The upper terminal was not a high quality casting as shown by Figs. 
7 to 11. The casting contained porous spots, hot tears, surface po- 
rosity, inclusions, and shrinkage areas. The lower terminal casting 
was of a better quality. A section of this casting is shown in Fig. 12. 

The cast terminals of the strut assembly were sectioned as 
shown in Figs. 13 and 14 and etched as previously described. The 
same type of defects were found. The lower terminal was the bet- 
ter of the two castings. Figs. 15 to 17 show defects in castings which 
were statically tested. Porosity was also noted in and around the welds 
on both castings. 

The mierostructures of the two castings in the as-received con- 
dition are shown by Figs. 18 and 19. These photographs disclose 
that both heats of steel gave similar structures in the castings. The 
desirable structure of the quenched and drawn SAE 4140 cast steel 
is shown by Fig. 20. The structure obtained from these castings 
when quenched and drawn is shown by Fig. 21. Free ferrite can be 
seen. It was noted that the steel was not very clean. 

The presence of these defects in both the statically tested and 
as-received condition castings can be attributed to foundry practice 
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Fig. 5—Upper Terminal: Broken Lines Show Where Casting 
Was Sectioned. Circles show where micro-specimens were taken. 





Fig. 6—Lower Terminal: Broken Lines Show 
Where Casting Was Sectioned. Circle shows 
where micro-specimen was taken. 


procedure. An analysis shows that these defects can be corrected 
if sufficient development time were allowed. These flaws, however, 
have little effect, if any, on the strength of the castings and their 
ability to withstand the severe tests to which they were subjected. 
Material Properties—The chemical analyses and mechanical 
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Fig. 7—Photomacrograph Through Section B-B of Fig. 5. Shrinkage and non 
metallic inclusion are shown in the square. Fig. 8 shows area at a higher magnifi- 
cation. Part not statically tested 


Fig. 8—Photomacrograph of Shrinkage Cracks and Inclusions in Square of Fig. 7; 
Section B-B of Fig. 5—(10 x). 





properties of test coupons poured with the various heats of steel used 
in the castings for this investigation are given in Tables I and II. 
These data were determined at Battelle Memorial Institute where 
the castings were made. Since additional information in the nature 
of mechanical properties of material taken from the cast unit was 
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Fig. 9—Oblique View Through Section A-A of Fig. 5 Showing Hot Tears in the 
Walls of Casting. Area in square shown in Fig. 10 at higher magnification, Full 
size. Part not statically tested. 


Fig. 10—Hot Tears Shown in Square of Fig. 9 Enlarged to 4%. 
Fig, 11—Photomacrograph Through Section A-A of Fig. 5 Showing Hot Tears. 
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desired for this reported investigation, two tensile coupons, Nos. 1 
and 2 of Table III, were machined from the retracting arm of an 
upper terminal (heat No. 10992) which had been heat treated ac- 
cording to regular shop practice. Other tensile coupons, Nos. 3 and 
4, also of Table III, were cut from a similar section of another 
terminal but heat treated as individual specimens. Comparative data 
were obtained from forged material by measurements from coupons, 
Nos. 5 and 6, which were cut from a production forging at the same 








Table I 
Chemical Composition 
Carbon Manganese Silicon Chromium Molybdenum 
Heat No. % % % % % 
10986 0.40 0.73 0.35 0.86 0.20 
10992 0.37 0.65 0.32 0.79 0.30 
10993 0.37 0.74 0.36 0.90 0.32 
11000 0.40 0.68 0.32 0.73 0.30 
11061 0.40 0.70 0.37 0.91 0.25 
11062 0.38 0.69 0.34 0.91 0.25 
11113 0.38 0.79 0.33 1.11 0.26 
11150 0.39 0.90 0.40 1.11 0.26 
11152 0.39 0.87 0.39 1.09 0.27 
11153 0.37 0.87 0.36 1.10 0.25 
Table Il 
Mechanical Properties 
Yield Ultimate Charpy Impact 
% Elong. % Red. Strength Strength (ft.-Ibs. ) 
Heat No. in 2 Inches of Area (psi) (psi) (Keyhole Notch) 
10986 7.0 14.0 183,250 197,750 8.5 
10992 8.5 27.0 153,250 175,000 8.5 
10993 5.0 11.0 152,500 175,500 9.4 
11000 8.9 22.9 152,000 173,000 8.9 
11061 6.5 14.6 181,750 197,750 9.3 
11062 5.§ 16.8 187,250 199,750 9.0 
11113 7.7 18.6 190,250 205,250 8.6 
11150 6.1 12.0 192,500 210,100 cre 
11152 3.§ 6.8 195,000 209,000 6.6 
11153 8.1 20.7 195,750 209,500 8.8 
Table Ill 
Mechanical Properties, Fabricated Material 
eid % 
Yield Ultimate Elong. 
Spec. Stress Stress in % Red. 
No. Heat Treatment (psi) (psi) 2In. of Area Remarks 
1 Step 4, Shop Processing 121,000 150,000 7.8 21.0 SAE 4140 casting 
2 Step 4, Shop Processing 111,000 140,000 6.2 20.0 SAE 4140 casting 
3 1625 F, 1 hr., oil quench, 173,200 189,000 3.5 4.6 SAE 4140 casting 
925 F, 1 hr., air cool : 
4 1625 F, 1 hr., oil quench, 188,300 205,000 2.0 4.7 SAE 4140 casting 
840 F, 1 br., air cool ? 
5 1625 F, 1 hr., oil quench, 180,000 190,000 13 47.4 NE 8740 forging 
950 F, 1 hr., air cool 
6 1625 F, 1 hr., oil quench, 177,000 186,000 12 46.5 NE 8740 forging 


950 F, 1 hr., air cool 
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Fig. 12—Photomacrograph Through Section H-H of Fig. 6. Part not statically tested. 





J 


Fig. 13—Upper Terminal: Broken Lines Show Manner in Which 
Casting Was Sectioned After Static Proof Testing. 


location. All tensile specimens were standard 0.500-inch test bars. 
It is to be noted that the cast material was SAE 4140 whereas the 
forged material was NE 8740. 

Static Proof Tests—A strut assembly with cast terminals which 
did not show cracks when magnafluxed was supported in a test fix- 
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ture in a manner simulating its installation in the C-46 airplane 
(Fig. 22). In this attitude, the two critical service conditions, re- 
tracting and side load landing, were duplicated. For the side load 
landing condition, an axial load from a leverage system with a uni- 
versal joint at the loading point was transferred through the tube 
from the lower terminal to the spar attachment fitting and the re- 
tracting arm of the upper terminal. In the retracting condition, a 
force was exerted normal to the upper terminal arm by the piston 





Fig. 14—Lower Terminal: Broken Lines 
Show Manner in Which Casting Was Sec- 
tioned After Static Proof Testing. 


rod of a hydraulic cylinder. The magnitude of the hydraulic pres- 
sure was observed from pressure gages and applied loads were de- 
termined from calibrated loading bars with attached wire resistance 
strain gages. Since the retracting condition not only produced bend- 
ing in the upper terminal arm but also bending of the tube, the 
critical section for this test condition was assumed to be at the inter- 
section of the tube and upper terminal socket. Therefore, wire re- 
sistance strain gages were mounted on the tube adjacent to the weld 
so that permanent deformations could be determined and the stiffness 
compared to previous similar tests on production units. 

During the actual testing procedure, the listed simulated condi- 
tions and test loads were successively applied to a strut assembly 
with cast terminals without producing failure or harmful deforma- 
tions: 

1. Side load landing—112,000 pounds axial tension (design ul- 

timate load). 

Landing load—1650 psi (tension) cylinder pressure only. 

3. Side load landing—112,000 pounds axial tension combined 
with 1650 psi (tension) cylinder pressure. 


nN 
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Fig. 15—Photomacrograph of Part of Wall Between Sections A-A and B-B of 
Fig. 13 Showing Hot Tears. Full size. Tears of this nature were found in the cast 
ings before and after static testing. Statically tested 

Fig. 16—Photomacrograph Through Section C-C of Fig. 13. Note large shrinkage 


hole. The depth of this hole is shown in Fig. 17. Part statically tested. 
I 7 
Fig. 17—Photomacrograph of Shrinkage Area Through Section C-C of Fig. 13. 
Defect extended for 1% inches and its maximum width was % inch. Surface A 
} folds face down on surface B. Part statically tested. 


4. Landing load—2475 psi (design ultimate) cylinder pressure 
only. 

5. Side load landing—190,000 pounds axial tension combined 
with 2475 psi (tension) cylinder pressure. 

6. Retracting condition—3000 psi (compression) cylinder pres- 
sure acting perpendicular to the retracting arm. 
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Repeated Load Test—A total of 2000 cycles of retracting load 
was applied to the upper terminal arm of the outboard side brace 
strut by a standard C-46 hydraulic retracting cylinder (Fig. 23). A 
sudden load of 23,800 pounds, 1500 psi compression, acted per- 
pendicular to the retracting arm of the subject strut, thereby de- 
veloping the maximum, bending moment in the arm and producing 
the critical retracting condition. After every 500 cycles, the strut 
was removed from the jig and magnafluxed to determine if any 
cracks had developed. No indication of failure or development of 
fatigue cracks was observed from these inspections. 

In order to experimentally determine the magnitude of the ex- 
treme fiber stresses at two locations on the arm of the upper terminal, 
wire resistance strain gages were employed and the surface strains 
measured independently by use of an unstrained compensating gage. 
Strain varied linearly with load and at 1500 psi cylinder pressure, 
the maximum applied pressure during repeated loading, the extreme 
fiber stresses were as follows: 


Measured Section Extreme Fiber Stress 
Six inches from hydraulic 85,500 psi tension 
cylinder attachment 99,000 psi compression 
At spar attachment 18,900 psi tension 


135,000 psi compression 


Static Ultimate Test—Because the original test fixture was peri- 
odically used to test production struts with forged terminals and be- 
cause it lacked sufficient strength to react the load necessary to pro- 
duce failure in the upper terminal of the side brace strut, another 
test fixture was built. The strut again was tested in the critical 
retracting condition with a bending load applied perpendicular to the 
retracting arm of the cast upper terminal. In place of a pushing 
force from a) C-46 cylinder as originally applied in initial tests, a 
leverage pulling force from the opposite side of the arm was devised. 
This change in no way invalidated the test results, particularly in 
view of the fact that a forged unit was similarly tested for compari- 
son. Further modification of the testing procedure from the initial 
method allowed for the reaction of the major portion of the load at 
the terminal and tube junction and assured failure within the terminal 
itself. A subsequent similar test was performed on a production 
strut with the critical section of the forged terminal machined to the 
approximate dimensions of the cast unit. Both the upper cast and 
the forged terminals of the investigated outboard side brace strut 
failed by tension in the “landing” below the spar attachment pin due 
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Fig. 18—Upper Terminal: Heat 10992, As-Received (1800 F, 2 Hrs., Ail Cool). 2% 
nital etch, K 500. Specimen taken at point 1 of Fig. 5. 

Fig. 19—Lower Terminal: Heat 11000, As-Received (1800 F, 2 Hrs., Air Cool). 2% 
nital etch, XK 500. Specimen taken at point 1 of Fig. 5. 

Fig. 20—Upper Terminal: %x1x1-Inch Piece Cut from Section to Right of Sec- 
tion D-D, Fig. 5, and Then Heat Treated as Follows: 1800 F, 2 Hrs., Air Cool; 1575 F, 
1% Hrs., Air Cool; 1625 F, 2 Hrs., Oil Ouench (Houghton No. 2) with Much Agita- 
tion; 840 F, 3 Hrs., Air Cool. X 500, 2% nital etch. Shows desirable quenched and 
drawn structure. 


Fig. 21—Upper Terminal: Specimen Taken at Point 4 of Fig. 5 After Part of Arm 
Between Sections C and D Had Been Heat Treated as Above; Shows Effect of Mass 
of Casting on Microstructure Obtained. Much free ferrite is present. xX 500, 2% 


nital etch. 


to the bending loads imposed. The ultimate load for the casting was 
60,500 pounds and for the forging after modification, 77,000 pounds. 
Even though the location of failure for each type of test unit was 
identical, these ultimate loads could not be compared directly since 
unalterable dimensions had produced different section properties. 
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Fig. 22—Static Proof Test of Strut Assembly. 





Fig. 23—-Repeated Load Test of Strut Assembly. 


Hardness tests further indicated that the ultimate strengths were dif- 
ferent. Therefore, to obtain an approximate comparison, the ratio of 
the modulus of rupture to the ultimate strength from hardness tests 
was devised. 
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Casting 
‘ M:c 60,500#% (8.55”) 2.551” 
Fie = ee ee 274,000 psi 
7 . 274,000 psi ps 
Bending Modulus Factor = 166,000 psi 65 
(Rockwell Hardness ) 
Forging 
. _M-e _ 77,000# (8.55)” 2.700” - 
Fue — I —_ 5.593 in‘ 318,000 psi 


Bending Modulus F — 218,000 psi __. . 
ending } ulus Factor = 188,000 psi’ 1.64 


(Rockwell Hardness ) 
DISCUSSION OF RESULTS 


Mechanical Properties—Poor ductility was exhibited by stand- 
ard specimens cut from the retracting arm of the upper cast terminal 
but since a prominent shrinkage area was found in another casting 
at a section corresponding to that from which the specimens were 
taken, the exceedingly low ductility of the test bars was attributed 
to the deleterious effect of center line shrinkage. Substantiating evi- 
dence of poor ductility when cast material is unsound was determined 
by tests performed at Battelle Memorial Institute as part of another 
project (3). In this reported investigation, as listed in Table III, 
only 3.5% elongation in a 2-inch gage length and a reduction of area 
of about 5% were obtained from the cast material when its ultimate 
strength was 189,000 psi. In contrast, similar specimens from a pro- 
duction forging had 13% elongation and 47% reduction of area 
when the ultimate stress was 190,000 psi. An elongation of 3% for 
a casting does not prohibit its acceptance by licensing and procuring 
agencies if subsequent static proof and ultimate tests reveal satisfac- 
tory factors of safety. Furthermore, with improvement in casting 
methods and the elimination of material defects in the upper terminal 
the values of elongation given in Table II should be approached. 

Proof Tests—In order to interpret the test loads in terms of the 
requirements of various licensing and procuring agencies (4), (5), 
(6) the expression, factor of safety, was advantageously employed. 
This factor was determined from the ratio of the ultimate test load 
to the design ultimate load where the design ultimate load was de- 
fined as the maximum design applied service load times a factor of 
1.5. In general, specifications require a safety factor of 1.5 or 2.0, 
depending on the agency, with additional evidence of no yielding at 
the design applied load or 1.15 times the design applied load level. 
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Thus, even with poor metallurgical quality at the critical section, the 
strut assembly with cast terminals satisfactorily passed simulated 
service tests and exhibited without failure safety factors greater than 
one. Specifically, the experimental assembly withstood: (a), an axial 
tension load of 190,000 pounds (170% design ultimate) and (b), 
the load resulting from a hydraulic pressure in the C-46 landing gear 
in a critical retracting position of 3000 psi (120% design ultimate). 
In addition to this evidence, neither yielding nor permanent deferma- 
tion at the weld was produced at either the design applied load level 
or 1.15 times the design applied load level. At 2800 psi which is 
170% of the design applied load nonlinearity of load versus strain 
was observed but this is well above a regular agency specification. 

Repeated Load Test—Repeated load tests were conducted for 
the critical retracting condition in preference to side load landing 
because side load landing, a maximum design condition, is not as 
prevalent in service as is the retracting load produced by normal 
operation of the C-46 hydraulic system. As a result of the actual 
applied repeated load, no failure of any part of the strut or signs of 
fatigue were visible either by physical examination or by magnaflux- 
ing after application of 2000 cycles of retracting load. These cycles 
wotild correspond to 2000 flights and the applied test load was more 
severe than the operational hydraulic pressure which varies from 
1070 to 1300 psi. 

Good agreement between experimental and calculated extreme 
fiber stresses for the arm at 6 inches from the hydraulic strut was 
found. Equal tension and compression stresses of 96,000 psi were 
calculated for a hydraulic cylinder pressure of 1500 psi whereas the 
actual values independently determined were 85,500 psi tension and 
99,000 psi compression. At the spar attachment fitting, an analytical 
determination was impractical but the experimental values as found 
from the use of wire resistance strain gages were 18,900 psi tension 
and 135,000 psi compression. 

Ultimate Strength Tests—In order to make the physical dimen- 
sions of the forging at the critical section more comparable to those 
of the casting, the “landing” at the spar attachment section through 
the retracting arm was machined to 0.477 inch which then was ap- 
proximately equal to the corresponding dimension, 0.467 inch of 
the cast terminal. Metallurgical examination after failure showed 
that the flow lines of the forging had not been cut by machining since 
the reduction was made along an arc concentric with the contour of 
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the “landing.”” Because of this evidence, the reduction was assumed 
to be an allowable procedure. 

Other unalterable dimensions did prevent obtaining equivalent 
section moduli which, together with dissimilar ultimate strengths 
from hardness indications, necessitated a valid method of comparison. 
The ratio of a computed modulus of rupture to the ultimate strength 
was considered acceptable since factors of equivalent magnitude were 
obtained by employing the method to strength-modulus of rupture 
data in ANC-5. By this method, the strength of cast material ap- 
pears very satisfactory but the possible detrimental effect of lower 
ductility at the higher ultimate strength is not overlooked. Such a 
determination was not undertaken due to a lack of fabricated test 
units. 

The influence of the spar attachment was considered to be un- 
important at the section which failed, since the bearing reaction was 
approximately 1.5 inches from the section that failed. Actually, 
failure occurred behind the pin where compression forces from bear- 
ing could have had little effect. 


Part II 


CENTRIFUGALLY Cast P-40 ENGINE MOUNTING 
BEARER TUBE FITTING 


description of Test Item—The centrifugally cast P-40 engine 
mounting bearer tube fitting, shown previously in Fig. 3, consists of 
a uniformly thick cylindrical wall with a raised lug. Its function in 
the P-40 installation is to transfer load from the horizontal engine 
support tube which passes through its hollow center to a diagonal 
tension member which: is attached to the lug and the firewall of the 
airplane. The design ultimate load prescribed for this unit is 47,000 
pounds but it is so overdesigned that in a service installation the only 
possible failure would be the shearing of a pin which holds the diag- 
onal member to the lug. 

Four such centrifugally cast fittings were made by the American 
Steel Foundries of induction melted SAE 4140 steel and, prior to 
shipment to the Curtiss-Wright Research Laboratory, heat treated 
as follows: 


1650 F—2 hrs.—air cool 
1250 F—2 hrs.—air cool 


Before the castings were machined according to blueprint specifica- 
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tions for production forged units, they were X-rayed and magna- 
fluxed and found to be free from internal and external defects. 


EXPERIMENTAL METHODS AND RESULTS 


Metallurgical Investigation—Hardness tests taken on a cross 
section through the lug and part of the wall of casting No. 3627 
after heat treatment are as shown in Fig. 24: The walls of the 
casting were about 5 points Rockwell C harder than the lug. Micro 
examination showed the steel of this casting to be very clean. 

Sectioning and macro-etching of the castings and forgings failed 


to disclose any internal defects. It was noted, however, that the flow 





Fig. 24—Hardness Determinations 
on Cross Section of Lug. 


lines of the forgings were poorly oriented with respect to the final 
contour of the fitting. Figs. 25, 26, 27, 28 and 29 show the macro- 
structure of the parts. 

The castings were found to consist of a relatively coarse micro- 
structure of tempered martensite containing some free ferrite and 
some very fine primary troostite in those portions away from the edge 
of the casting. The forgings were of a relatively fine microstructure 
consisting almost entirely of sorbite. The presence of areas in the 
lug of the casting exhibiting an incomplete quench may be attributed: 

1. To the fact that the castings were heat treated before the 
lug hole was rough machined while the forgings were heat 
treated after rough machining and 
To the superior hardenability of SAE 4340 steel over that 
of SAE 4140 steel. Grain size control between the castings 
and forgings was not attempted. Future tests should incor- 
porate this important factor and an attempt should be made 
to keep the chemical composition of the subject parts the 
same. 


nN 
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Fig. 25—Photomacrograph of Casting No. 3634 Broken in Static Test. A ‘perma- 
nent deformation at A and small crack at B where machining resulted in a stress 
raiser should be noted. If the lug had not been weakened by increasing the diam- 
eter of the hole, the failure would probably have occurred between A and B instead 
of at C. Stress raisers due to improper machining were more prevalent in the cast- 
ings than in the forgings. Approximately 14x. Etched % hour in 50% 

Fig. 26—Photomacrograph of the Forging Broken in Static Test Showing Part of 
the Shear Fracture Which Was Transverse to the Flow Lines. Note that the flow 


form with the flow lines of the wall of the forging. This 
from properly 


of the forging. 


lines of the lug do not 
condition decreases the greater strength which should be derived 


oriented flow lines in resisting tear-out of the lug from the wall 
Approximately 2x. Etched % hour in 50% HCI. 


Considering the facts set forth in the preceding paragraph the 
forgings would be expected to exhibit better physical properties than 
the castings. However, if greater control had been achieved in the 
heat treatment of the subject parts, closer comparisons would have 


been possible. 
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Fig. 27—Photomacrograph of Forging Broken in Static Test Showing Part of the 
Tension Fracture. Note that the flow lines of the lug do not form well with the 
flow lines in the wall. Approximately 14x. Etched % hour in 50% HCI. 

Fig. 28—Photomacrograph of Forging Broken in Static Test. Taken transverse 
through walls and lug. Approximately 14x. Etched 4% hour in 50% HCl. 

Fig. 29—Photomacrograph of Forging Tested in Repeated Load Showing Break 
at A. Note that flow lines of lug still show some cast structure and do not form 
with flow lines in the wall. Approximately 14x. Etched 4% hour in 50% HCl. 
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Material Properties—The chemical analyses shown in Table IV 
were determined by the American Steel Foundries for the steels used 
in this investigation. In Tables V and VI are given the mechanical 
properties of centrifugally cast SAE 4140 steel and forged SAE 4340 
steel, respectiyely. Due to the limitations imposed by the wall thick- 
ness of the casting, substandard size tensile coupons were necessary 
for the determination of the mechanical properties. 

Static Tests—It was evident from a preliminary strength analy- 
sis that, because the P-40 fitting design incorporated so large a fac- 
tor of safety, the ultimate strength of the fitting as used in produc- 
tion would be impossible to produce. Since development of failure 
within the fitting was considered to be the primary objective and 
stimulation of production installation secondary, the 7-inch hole in 
the lug was reamed for a 1-inch pin and the bolt holes for connection 
to the bearer tube were reamed for high strength “%4-inch bolts. With 
these modifications, the fitting and an attached section of the bearer 
tube were placed in a test fixture which duplicated the geometry of 
the forward section of the mount installation (Fig. 30). A similar 
test was performed on a revised production forging. 

The ultimate load strength of the modified casting, heat treated 
to 144,000 psi, was 103,000 pounds and that of the modified forging, 
heat treated to 166,000 psi, 125,000 pounds. 

Repeated Load Test—The fatigue tests of the centrifugally cast 
and of the forged fitting for the P-40 engine mounting bearer tube 
were of a comparative nature and did not simulate production 1n- 
stallation. The subject fittings were supported by test fixtures in the 
Laboratory's 50,000-pound repeated load machine (Fig. 31) and 
pulsating tension loads were applied perpendicular to the axis of the 
fittings in contrast to the direction of loading in the static test which 
was in the direction of the forward diagonal. 

The fittings were tested simultaneously and each was carried to 
complete failure as indicated by tripping of the automatic shut-off 
which stopped the test. A maximum tension load of 25,500 pounds 
was applied to both units and the load range ratio was about 0.1. 
Soth the forged and cast fittings had been inspected and were of good 
quality. 

Complete failure of the centrifugal casting occurred at 30,900 
cycles. Fig. 32 shows the failure of the casting to be primarily a 
shear failure as compared with the fatigue character of the failure 


in the forging (Fig. 33). At 34,000 cycles a small fatigue crack 
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Fig. 30—Static Test of P-40 Engine Mount Bearer Tube Fitting. 





Fig. 31—Repeated Load Test of P-40 Casting and Forging. 
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Fig. 32—Photograph of Fracture in the Casting Which Was Subject to Repeated 
Load Showing Tear-Out of Lug from Wall. The smooth dark gray areas shown 
near A are due to fatigue cracks while rough dark gray areas like that at point B 
are shear failures. A stress raiser in the form of a machine cut was present at A. 
Approximately 3> 


Fig. 33—Photograph of Fatigue Failure in the Forging Between Lug and Wall. 
Smooth gray areas like that shown at point A are due to fatigue cracks while rough 
gray areas like that shown at point B are shear failures. Approximately 3X 


became visible in the forging and spread slowly under a decreased 
load for the next 30,000 cycles. Thereafter, the progressive failure 
accelerated and at 67,800 cycles complete failure occurred. 
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Table IV 
Chemical Composition 
Heat Manga- Phos- Chro- Molyb- Special 
No. Carbon nese Silicon phorus Sulphur mium denum Deox/Ton 


3627 0.42 0.81 0.42 0.011 0.027 0.92 0.25 5 lbs. High Carbon Iron 
3634 0.40 0.91 0.40 0.011 0.027 0.87 0.26 5 Ibs. TI Carbon Iron 
3649 0.39 0.91 0.44 0.015 0.029 0.90 0.27 5 lbs. TI Carbon Iron 
3653 0.38 0.83 0.43 0.012 0.030 0.96 0.24 5 Ibs. TI Carbon Iron 


DISCUSSION OF RESULTS 


Mechanical Properties—Substandard size tensile coupons cut 
from the wall of the centrifugal cast fitting exhibited better elonga- 
tion characteristics than those from the statically cast terminal but 
in no instance were the elongation characteristics of cast material 
equivalent to those of the forged material. Such results do not, how- 
ever, prohibit the use of castings for airplane parts since a minimum 
of 6% which is obtainable from good quality cast material is far 
more than sufficient to allow for yielding without failure at stress 
concentrations. 

Static Test—From the results of comparable static tests of a 
centrifugal cast fitting and a similar forged unit, it was determined 
that in the presence of a stress concentration due to a hole the 
strength characteristics of each are practically equivalent, at least 
so much so that any differences could be attributed to experimental 
error or unmeasurable specimen dimensions. To arrive at a method 
of comparison, the ratio of the ultimate load to the ultimate stress 
from hardness tests was used to obtain an equivalent tensile area 
factor for each. These factors were different by only 2% and it was 
not considered significant but it is realized that the difference might 
have been slightly greater if the casting had had a higher heat treat- 


ment with a corresponding increase in yield strength and decrease 
in ductility. 


Table V 
Mechanical Properties of Centrifugally Cast SAE 4140 Steel 


% ee in 1 In. 
n 


Yield Ultimate ch % . 
Spec. Stress Stress ia. Re- Reduction 
Ko. Heat Treatment (psi) (psi) duced Section of Area 

1 1625 F, 2 hrs., oil quench, 1100 F, 

2 hrs., air cool 150,500 165,300 12 45.8 

2 Same 150,400 164,000 12 43.0 

3 Same 157,100 168,700 13 40,1 

4 Same 152,500 167,800 11 39.0 


+ ——_—_—— 


Substandard size specimens were cut from the walls of a heat treated casting. 
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Table VI 
Mechanical Properties of Forged SAE 4340 Steel 





% Elong. in 1 In. 


Yield Ultimate fx Inch % 
Spec. Stress Stress Dia. Re- Reduction 
No. Heat Treatment (psi) (psi) duced Section of Area 

l 1625 F, 1 hr., oil quench, 950 F, 

l hr., air cool 177,000 187,000 52.1 

2 Same 179,000 189,000 eee 52.2 

3 Same 178,500 185.500 24.2 51.3 

4 Same 175,200 184,200 24.4 51.9 


Tensile coupons were heat treated as 1x 1x 8-inch bars cut from a forged fitting. 


Repeated Load Tests—Due to a lack of additional centrifugally 
cast test units, further comparative fatigue data were not obtained. 
On the basis of this one comparative test, it does appear that castings 
are not quite the equivalent of forgings in fatigue even though the 
life until the development of a crack may be quite similar. Failure 
of the centrifugal casting was primarily a shear failure, whereas that 
of the forging was of a fatigue character and propagated slowly un- 
der a decreased load to 67,800 cycles after first becoming visible at 
34,000 cycles. The superiority of the forging over the centrifugal 
casting in resisting the propagation of fatigue failure was evident 
but was definitely influenced by two factors: 

(a) The magnitude of the stress in the casting was greater than 

that in the forging since an examination of the fittings after 
failure showed the wall thickness of the forging to be 0.194 
inch and of the casting 0.157 inch. 

(b) Stress raisers were present in both the centrifugal casting 
and the forging but one milling machine cut was slightly 
more severe in the casting. 

On the basis of this result and those reported in Part I, the 
absolute fatigue strength (endurance limit/ultimate strength) of cast 
material would not be expected to be too much different from forged 
material. To use steel castings in preference to forgings would 
therefore require only a small decrease in the average net stress on 
the critical sections and the avoidance of severe stress concentrations 
in the design. Both of these considerations would be economically 
justified in view of the lower expenditure for castings and their fab- 
rication. 


CONCLUSIONS 


From the metallurgical and structural investigation of statically 
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and centrifugally poured types, it was concluded that: 

(a) Aircraft quality steel castings can be made by either of the 
two methods but judicious foundry practice, particularly in 
the case of statically poured types, must be followed to 
obtain this quality. 

(b) At a specified ultimate strength, sound cast material (SAE 
4140 steel) has a lower ultimate elongation than forged 
material (SAE 4340 or NE 8740 steel) but, even so, it is 
sufficiently large to allow for yielding without failure at 
stress concentrations. 

(c) Steel castings of sound quality can be used for the terminals 
of the C-46 outboard side brace strut. If the critical sec- 
tion at the “landing” is increased, the cast terminals, which 
fulfill Army requirements, will have the necessary factor 
of safety of 2 required by Navy and CAA specifications. 

(d) If it is economically advisable, the centrifugal method 
should have preference when excellent metallurgical quality 
and high ductility are required in a cast unit. 
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DISCUSSION 


Written Discussion: By N. E. Promisel, chief metallurgist, Navy Depart- 
ment, Bureau of Aeronautics, Washington, D. C. 
This article by Messrs. Smith and Morris has been read with great interest 
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and forms a worthwhile addition to the growing evidence, if more is considered 
necessary, that castings, under certain conditions, are suitable replacements for 
forgings in many important structural applications. In my opinion, probably 
the greatest deterrent to more extensive use of castings in aircraft structures is 
the lack of assurance of adequate quality, or, conversely, the lack of a suitable, 
reliable, economical inspection system (which embraces more than merely a 
specific method )' which would insure the rejection of dubious or unsatisfactory 
castings. The latter part of this statement is made with full recognition of the 
valuable contribution made to inspection by radiography, but also with a realiza- 
tion of the impracticability of adequately exploring critical parts of all castings 
by this means. Perhaps techniques currently being developed or refined, such as 
high intensity fluoroscopy or certain methods of using ultrasonics, will eventually 
satisfy this inspection need. 

With respect to the problem of consistently obtaining castings of satisfactory 
quality, this present paper itself illustrates the matter. Note, for example, the 
last two paragraphs under “Metallographic Examination”, Part I, pages 852 ancl 
853, or the discussion of “Mechanical Properties” under “Discussion of Results”, 
Part I, page 863. It is essential that foundry practice (including therein 
grain size control) be suitably adapted to a given design, if necessary after 
design changes, and that high quality and reliable workmanship be thereafter 
applied to the production run. Not until such practice and workmanship can 
be confidently expected will castings be exploited to their full advantage and be 
able to compete, from a serviceability angle, with the unique advantages in 
forgings of “designed” flow lines and correction, at least partially, of internal 
defects by the forging operation. 

Of additional significance and importance in obtaining sound castings is the 
difficulty, in not-so-sound castings, of interpreting the effect, of defects on 
structural integrity. In the present paper, the overdesign of the parts obscured 
the potential effects of the defects in the static castings as evaluated in the 
simulated service tests. Such fortuitous circumstances cannot always be 
expected, however, and the present state of knowledge in general and stress 
analysis in particular does not permit reliable forecasts of the significance of 
discontinuities on static and dynamic properties. 

With respect to “Conclusion” (d), page 874, it is not believed that centrifugal 
castings are necessarily better in all cases. Many a design lends itself to a 
quality and ductility by static casting at least equal to those obtained by cen- 
trifugal techniques. 

Written Discussion: By J. S. Limage, chief structures engineer, and E. 
M. Galbreath, chief metallurgist, Bell Aircraft Corp., Buffalo, N. Y. 

The authors are to be commended on the timeliness of this paper especially 
in view of the tremendous experimental program on guided missiles in which 
steel castings might be substituted for forgings. 

The authors have indicated that properly designed and sound steel castings, 
of approximately the same cross sections as similar forgings, can, when 
properly heat treated, develop the same static strength as the forgings. 

However, the results of the repeated load tests were inconclusive. In 
Part I the repeated load test of the casting was not run to failure nor was 
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there any comparison made with a repeated load test of a forging. In Part II 
only one comparative repeated load test was run. It would seem imperative to 
have more specific and detailed information before aircraft manufacturers can 
substitute steel castings for forgings. . 

This paper does offer interesting possibilities. Provided that the procuring 
agency would not require too restrictive design factors for the steel castings, 
it would be possible to use them in experimental jobs where forgings would 
be used in production. 

This substitution would effect a very marked saving not only in dollars and 
cents but also in time which might be more important than the monetary saving. 

It appears that before the average steel foundries could produce satisfactory 
steel castings for use in aircraft, they must provide more adequate control and 
inspection than is the general practice. 

The aircraft manufacturers must, if they should desire to take advantage 
of the savings possible with steel castings, exercise extreme care in the design 
of the castings to insure the absence of stress raisers in the design. Proper 
foundry control and inspection will insure the absence of stress raisers in 
the casting. 

Written Discussion: By C. W. Briggs, technical and research director, 
Steel Founders’ Society, Cleveland. 

There are a number of observations that the writer should like to make 
regarding the paper by Messrs. Smith and Morris. First, it is wondered if the 
steel castings obtained from the commercial steel foundry were ordered to 
nondestructive testing requirements. This is a normal procedure for aircraft 
castings and usually entails changes in casting procedure. 

Steel castings of the type illustrated are normally heat treated by water 
quenching and tempering. A water quenching heat treatment would have 
produced a more uniform structure throughout the section with higher properties. 

The results of Part I indicated that the steel castings met all the service 
requirement tests. It is believed that tests made on unit structures such as 
carried on by the authors are the only way in which it is possible to compare 
steel castings with products produced by other methods of fabrication. The 
authors seemed somewhat disturbed over the ductility values obtained from test 
bars cut from the center of casting sections. This they explained in part. 
However, it is believed that such values are of little importance in the testing 
of entire sections. This point was illustrated by the authors. Also if ductility 
properties of the forging were obtained in a direction transverse to the flow 
lines it would have been observed that lower values from those shown in 
Table III would have been recorded. Since the authors were interested in 
comparing steel castings and steel forgings it was too bad that units of similar 
dimensions, compositions and heat treatments were not obtained so that a direct 
comparison could be made. Direct comparisons as carried on at Battelle 
Memorial Institute indicated no outstanding differences. 

Under Section II, it is difficult to see how the centrifugal casting could be 
compared with a forging when they differed as to composition, heat treat- 
ment and dimensions. Also it is believed that sweeping conclusions could hardly 
be drawn based on one test. It certainly seems reasonable to point out that 
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the test data were far from sufficient for the authors to advise on changes in 
average net stress for centrifugal steel castings as compared to forgings. 

Also it is believed advisable to point out that there are no outstanding 
differences in the properties of statically cast and semicentrifugally cast steel 
castings. True centrifugal castings may have slightly higher ductility values 
than those found in statically produced castings; however, on tests made on unit 
structures such variations in ductility are not evident. 

Steel castings were, in this country, used for aircraft parts during the war 
and are being used at the present time. Also steel castings replaced forgings for 
aircraft parts in Germany during the war in very substantial quantities. 

It is hoped that the authors will continue their unit testing of structures 
and the writer will be glad to offer the assistance of the Steel Founders’ Society 
in aiding them to secure steel castings for test purposes. 


Authors’ Reply 


In replying to the discussion, the authors wish to express their appreciation 
of the interest shown by the discussers and of the comments related to the 
general evaluation of steel castings. We do wish to supply the additional 
information that the castings were obtained in the latter part of 1944 and were 
supposed to be typical of cast steel quality then available for aircraft parts. 

Mr. Promisel has called attention to the fact that the overdesign of the 
parts obscured the potential effects of the defects in the static castings as 
evaluated in the simulated service tests. This point is true but sufficient evidence 
of strength from cast steel was obtained to warrant the consideration by our 
organization of quality castings for primary aircraft structures. In reply to the 
second comment concerning the superiority of centrifugal castings, it is doubt- 
lessly true that at the present time statically poured castings may be for many 
purposes the equivalent of centrifugally cast units. Our previous experience 
would not substantiate such a viewpoint since the quality of statically poured 
experimental cast units procured from outside agencies has been decidedly 
inferior to the centrifugally cast type. 

In reply to the comment by Messrs. Limage and Galbreath concerning the 
lack of complete repeated load data, it is granted that an absolute index was not 
obtained to compare the fatigue strengths of cast and forged steel units. How- 
ever, the objective of the program was to appraise available steel castings 
metallurgically and structurally to determine if they would warrant consideration 
in new designs or as replacement parts. Two thousand operations of the strut 
terminal at the maximum design condition was deemed sufficient evidence of 
fatigue strength particularly since more exhaustive tests were planned if 
commercially cast terminals were adopted for the landing gear struts. More 
extensive fatigue testing of the engine mount units was prohibited by the lack 
of available test units. 

In answer to Dr. Briggs’ questions, the centrifugal castings from the com- 
mercial steel foundry were not specifically ordered to nondestructive testing 
requirements but were produced by the foundry for experimental use. It is 


known that the foundry produced them in their research laboratory and made 
them to the best standards. 
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Steel parts of a fabricated assembly such as the type which were reported 
in Part I are usually welded into the assembly before heat treatment. A water 
quenching heat treatment for such an assembly, as Dr. Briggs states, would 
have produced a more uniform structure throughout but it would also have 
produced severe warping and cracking. In fact, we experienced such cracking 
when parts with the same composition but of a much simpler design were water- 
quenched as separate units. Furthermore, the lighter construction steel tube 
would have quenched out to such an extent in water that it would have been 
impossible to obtain a workable drawing temperature for both the tube and 
cast steel terminals. 

It is probably true that some aircraft manufacturers used steel castings in 
their models but it is doubtful that many were used for primary structures. 
The Curtiss-Wright Corporation, Airplane Division, tried to have P-40 motor 
mounts cast by steel foundries at a time when a major redesign was occurring 
as a result of a motor change. After considerable search, a steel foundry with a 
good reputation accepted the order, but the quality of the castings in the first 
few shipments was so poor that the use of forgings was practically imperative. 
Because of this experience, the present reported evaluation of steel castings 
was undertaken at a later date wherein an appraisal of metallurgical quality and 
of strength based on design loads was made. It is granted that it would have 
been desirable to have had the same type of steel, heat treatment, and grain 
structure in the castings as in the forgings but such conditions were neither 
mandatory nor practical in view of the available units. Sufficient evidence of 
quality and strength was obtained from a type of cast steel to warrant a 
recommendation of steel castings for primary aircraft structures. 








FACTORS INFLUENCING THE PEARLITIC MICRO- 
STRUCTURE OF ANNEALED HYPOEUTECTOID STEEL 


By R. A. GRANGE 


Abstract 


The pearlitic microstructure developed by comparable 
isothermal annealing of each of twelve types of aluminum- 
killed hypoeutectoid steel was investigated. Its character 
varied with composition and could be classified in either of 
two general groups: (a) well-formed lamellar pearlite, 
and (b) “semipearlite” in which many of the carbides are 
relatively large and nonlamellar. In the aluminum-killed 
steels which contained these massive, nonlamellar carbides 
after they had been austenitized at the temperature ordi- 
narily used in practice, well-formed lamellar pearlite could 
be developed by annealing, provided the auste nitising tem- 
perature was raised to coarsen austenite grains. In steel 
which had not been killed with aluminum and was moder- 
ately coarse-grained at ordinary austenitizing tempera- 
mares, the pearlite was always reasonably well formed, 

ven when the steel had been made fine- -grained by hot 
Senaleads Apparently, the character of pearlite in an an- 
nealed steel is somehow controlled by the interrelated fac- 
tors: composition, thoroughness of deoxidation, and aus- 
tenite grain size just prior to transformation. In a num- 
ber of modern types of steel it appears necessary, tf an an- 
nealed structure of well-formed pearlite is desired, to raise 
the austenitizing temperature well above that ordinarily 
used in present commercial practice, at least unless con- 
siderable prior cold working is feasible. 


INTRODUCTION 


AMELLAR pearlite developed by heating above Ac, (or Acem) 
followed by slow cooling (full annealing) was one of the first 
microconstituents recognized in steel, and the usual concept of the 
structure of annealed’ steel is thus based upon some of the earliest 


1As used in this paper, the term “‘annealed”’ always refers to stecl which has been heated 
to form austenite and then either slowly cooled, or isothermally transformed, so that aus- 
tenite transforms at a temperature. not more than 100 F below Ae. 





A paper presented before the Twenty-eighth Annual Convention .of the 
Society held in Atlantic City, November 18 to 22, 1946. The author, R. A. 
Grange, is associated with the Research Laboratory, United States Steel 
Corporation of Delaware, Kearny, N. J. Manuscript received May 15, 1946. 
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recorded metallographic examinations. In the last two decades, how- 
ever, notable changes have occurred in steelmaking practice; conse- 
quently, the structure of modern steels in the annealed condition is 
not necessarily the same as that observed in steels used in early in- 
vestigations. The latter were usually plain carbon steels deoxidized 
in such a way that they were moderately coarse-grained when heated 
to even a relatively low austenitizing temperature; modern steels, 
more often than not, are killed with aluminum in order to keep them 
fine-grained after the austenitizing treatment usually recommended. 
Moreover, the present large variety of alloy steels were virtually un- 
known at the time the classical investigations of the structure of an- 
nealed steels were conducted. It is of interest, therefore, to make a 
systematic comparison of the structure of a number of typical modern 
steels when annealed ; with comparable annealing treatment the prin- 
cipal factors to be considered are (a) steel composition, (b) mode of 
deoxidation (aluminum-killed or “silicon-killed”), and (c) austenite 
grain size. 

In the literature there are many references relative to annealing 
of steel, but they are concerned almost entirely with the development 
of a spheroidal or partly spheroidal structure; and, for the most part, 
they deal with higher-carbon tool steel types. Several recent investi- 
gations (1), (2), (3),? deal with so-called “cycle annealing”? which 
aims to develop a predominantly spheroidal structure by an essentially 
isothermal transformation of inhomogeneous austenite. There seems 
to have been almost no recognition of the fact that in many popular 
types of commercial steel a structure of well-formed lamellar pearlite 
is quite difficult to develop by ordinary heat treatment, or that car- 
bides do not always form from reasonably homogeneous austenite by 
a process of lamellar growth. 

The microstructure of annealed steel is of practical interest since 
it is generally recognized as a factor in machinability; this has in- 
duced some users of steel to specify a particular kind of structure for 
steel to be made into a product requiring extensive machining. The 
particular structure desired is often a matter of individual preference, 
and presumably is somewhat influenced by the sort of machining 
operation contemplated. Difficulty in developing in certain types of 
low-alloy steel the pearlitic structure sometimes desired led to tne 
suggestion that available data on isothermal transformation be sup- 
plemented by a description of the final pearlite in each of a number 
of representative low-alloy steels. This paper, by means of photo- 


*The figures appearing in parentheses pertain to the references appended to this paper. 
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Table I 
Nature and Composition of Steels Investigated 








Atlast Deoxi- 
Reference dizedt 


Type (Page) With e Mn Pp Ss Si Ni Cr Mo V 

SAE 1040 (F.G.) * Aluminum 0.40 0.89 0.018 0.046 0.18 ise 7X3 ae 
SAE 1040 (C.G.) * Silicon 0.39 0.73 0.022 0.032 0.19... a ai 
SAE 2340 (F.G.) 31 Aluminum 0.37 0.68 0.014 0.021 0.21 3.41 ss nies 
SAE 2340 (C.G.) * Silicon 0.39 0.76 0.026 0.021 0.20 3.10... oie 
SAE 3140 56 Aluminum 0.38 0.72 0.019 0.033 0.21 1.32 0.49 — sats 
SAE 4140 59 Aluminum 0.37 0.77 0.019 0.026 0.15 ia Gan Bae sail 
SAE 4340 64 Aluminum 0.42 0.78 0.018 0.027 0.24 1.79 O.80 0.33 wee 
SAE 4640 57 Aluminum 0.36 0.63 0.018 0.021 0.19 1.84 «- Oza a 
SAE 5140 35 Aluminum 0.42 0.68 0.026 0.032 0.16 ... 0.93... aire 
SAE 6140 62 Aluminum 0.43 0.74 0.019 0.024 0.23 a cin re 
NE 9442 68 Aluminum 0.38 1.08 i ae ..-. 0.70 0.34 040 0.11 oa‘ 
SAE 3312 * Aluminum 0.11 0.45 0.017 0.009 0.18 3.33 1.52... 

SAE 4815 96 Aluminum 0.16 0.52 0.009 0.010 0.27 3.36 ... 0.19 

NE 8620 * Aluminum 0.18 0.79 0.021 0.023 0.31 0.52 0.56 0.19 


tAtlas of Isothermal Transformation Diagrams’ published by United States Steel 
Corporation in 1943. 


tDeoxidation with aluminum means that aluminum was added to the steel in the ladle 
or mold (fine-grain practice); deoxidation with silicon means that no aluminum was added 
and that the heat was killed principally by silicon (“‘coarse-grain practice’). Steels deoxi- 
dized with titanium, vanadium or other such elements are not considered in this investigation. 

*The isothermal transformation diagram for the steel does not appear in the Atlas. 


micrographs, supplies such information and demonstrates how the 
three factors, composition, mode of deoxidation, and austenite grain 
size, may influence the structure of annealed hypoeutectoid steel. 


MATERIAL AND PROCEDURE 


Twelve popular types of hypoeutectoid steel (one plain carbon, 
eleven low-alloy) were selected for comparison of their pearlitic 
structure; in most cases the isothermal transformation diagram had 
been previously determined for identical samples and has been pub- 
lished.* Those initially selected are all from heats thoroughly killed 
with aluminum, as is the usual practice with such grades ; that is, they 
were made according to so-called “fine grain” deoxidation practice 
and have uniformly small austenite grains unless heated well above 
the usual austenitizing temperature. Later, samples of types 
SAE 1040 and 2340 were obtained from heats to which no aluminum 
had been added, which, unlike most low-alloy steels prodtteed at pres- 
ent, develop moderately coarse grains when austenitized at the tem- 
perature ordinarily used in practice. The composition of each of the 
steels studied is given in Table I; since the results to be described are, 
in a sense, supplementary to the isothermal transformation diagram, 
Table I also lists the page in the “Atlas” where the latter may be 


In “‘Atlas of Isothermal Transformation Diagrams’’, published by United States Steel 
Corporation in 1943; most of these diagrams have also appeared elsewhere in the literature. 
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Table Il 
Details of Heat Treatment and Resulting Austenite Grain Size and Hardness 
Austen- Austenite Hardness After 
Structure itized* Transformed———,_ Grain Size Heat Treatment 
Illustrated Type F Temp.,F Time, Hrs. ASTM No. Rb 
Fig. 1 SAE 1040 (F.G.) 1550 1290 16 7 80 
SAE 2340 (F.G.) 1450 1130 16 7-8 87 
SAE 3140 1550 1265 16 7-8 85 
SAE 4140 1550 1335 16 7-8 83 
SAE 4340 1550 1250 16 7-8 88 
SAE 4640 1550 1205 16 7-8 RR 
SAE 5140 1550 1335 16 6-7 84, 
SAE 6140 1550 1335 16 8 87 
NE 9442 1575 1290 16 10-11 89 
SAE 3312 1650 1180 15 9 83 
SAE 4815 1650 1130 16 8-9 87 
NE 8620 1650 1285 16 9-10 82 
Fig. 2 SAE 2340 (F.G.) 1450 1130 \4 7-8 (46 Re) 
SAE 2340 (F.G.) 1450 1130 2 7-8 (43 Re) 
SAE 2340 (F.G.) 1450 1130 16 7-8 87 
Fig. 3 SAE 2340 (F.G.) 1550 1130 48** 7 87 
SAE 2340 (F.G.) 1650 1130 54 4 89 
SAE 2340 (F.G.) 1750 1130 72 3-4 89 
Fig. 4 SAE 1040 (F.G.) 1750 1290 84 5 80 
SAE 1040 (F.G.) 2000 1290 96 3 80 
SAE 4640 1750 1205 36 6 86 
SAE 4640 2000 1205 42 2-3 85 
SAE 4815 1750 1130 36 x 87 
SAE 4815 2000 1130 46 4 86 
Fig. 5 SAE 1040 (F.G.) 1550 1290 16 7 80 
SAE 1040 (C.G.) 1550 1290 16 4-5 80 
SAE 2340 (F.G.) 1450 1130 16 7-8 87 
SAE 2340 (C.G.) 1450 1130 16 5-6 87 


*Austenitized for 10 to 15 minutes at temperature indicated in each case. 

**In this and in some other treatments which follow, a longer transformation period 
was required to complete the transformation of the more slucgish coarse-grained austenite; 
it was established by experiment that this extra transformation time did not increase the 
size, shape or number of divorced carbides. 





found. In the table and hereafter in the text, the aluminum-killed 
heats of SAE 1040 and 2340 are designated “SAE 1040 (F.G.)” and 
“SAE 2340 (F.G.)”, and those to which no aluminum had been 
added, “SAE 1040 (C.G.)” and “SAE 2340 (C.G.)”. 

Samples from each aluminum-killed heat in the normalized con- 
dition were austenitized at about the temperature commonly used in 
practice, this being the same as was used in determining the isother- 
mal transformation diagram in the “Atlas’’. After this austenitizing 
treatment, only one steel, SAE 6140, contained microscopically visible 
undissolved carbides; in all others, the carbides seemed to be com- 
pletely dissolved in austenite. A number of preliminary transforma- 
tion treatments were tried in an attempt to produce in all steels pearl- 
ite of comparable interlamellar spacing and, at the same time, a struc- 
ture reasonably representative of the commercially annealed product. 

‘Payson (1), (2) has shown that austenitizing at a relatively low temperature, such 
that carbides or small volumes of ferrite remain undissolved in inhomogeneous austenite, 
favors transformation to a partially spheroidal structure somewhat similar to that which 


we have designated as containing massive, nonlamellar carbides; in this investigation, how- 
ever, the austenitizing temperatures are always much higher than those specified by Payson. 
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The level of transformation temperature finally selected for each steel 
is that at which the austenite just transformed completely in 16 hours. 
This temperature, which was never more than 100F below Ae,, 
differs considerably for the several steels in accordance with the dif- 
ferences in Ae, and in sluggishness of transformation. By proceed- 
ing in this) way, pearlite of about the same degree of coarseness was 
produced in all, thus permitting direct comparison of steels differing 
in composition. Details of heat treatment may be found in Table II. 
In a few cases, more than one austenitizing temperature was used as a 
means of evaluating the influence of austenite grain size. 

When this group of comparisons had been made, it was decided 
to include a number of specimens which would not transform com- 
pletely in 16 hours at the temperature previously selected for this 
grade of steel. Consequently, these later specimens were isothermally 
annealed for a longer time rather than at a different temperature, for 
direct experiment showed that the appearance of the pearlitic product 
was not visibly affected by lengthening the 16-hour period several 
fold, whereas it was altered by change of temperature. In a typical 
case [SAE 2340 (F.G.)], comparison of transformation product was 
made on samples isothermally annealed for each of a series of times, 
including that at which austenite just began to transform. Samples 
were also prepared from heats of both SAE 1040 and 2340 to which 
no aluminum had been added for comparison with the aluminum- 
killed heats of corresponding composition already mentioned. Finally, 
the influence of austenite grain size alone was studied by developing, 
by different amounts of forging, a wide range of grain size in a single 
specimen, which was then transformed to pearlite as before. 


INFLUENCE OF COMPOSITION ON THE PEARLITIC STRUCTURE OF 
ALUMINUM-KILLED HYPOEUTECTOID STEELS 


Each of the twelve types of aluminum-killed steel is from a com- 
mercial heat and is, presumably, representative of present production 
of each. It is assumed, therefore, that the observations on this group 
of steels, even though limited at present to one sample from a single 
heat of each grade, apply in principle to other hypoeutectoid steels. 

Table II lists the heat treating details, the resulting austenite 
grain size, and hardness after annealing; the latter is only of in- 
cidental interest to the present investigation, but shows that all were 
thoroughly annealed and did not differ much in hardness. The 
microstructure of each after isothermal annealing is illustrated in 
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Fig. 1. It is apparent that in SAE 3140, 4140, 4340, 5140 and 
6140, and NE 9442 and 8620, the pearlite is quite well formed, but 
that in SAE 1040, 2340, 4640 and 4815 it is not, for the most part; 
the structure of the latter four steels is characterized by massive. 
largely nonlamellar carbides which are seemingly separated from the 
true lamellar aggregate and give the structure the appearance of hav- 
ing been partly spheroidized. For convenience, this type of structure 
will henceforth in this paper be designated “semipearlite”.° The 
structure of SAE 3312 is neither well-formed pearlite nor does it 
comprise massive, nonlamellar carbides; apparently, the somewhat 
spheroidal appearance of its “pearlite” is due to its relatively high per- 
centage of alloying elements, chromium particularly. 

As has been noted, the transformation temperature, selected 
arbitrarily as that at which transformation was just completed in 16 
hours, was considerably different for different compositions. It is 
believed, however, that the comparison illustrated in Fig. 1 is per- 
fectly valid in its general implication, since at other transformation 
temperature levels the same trends were evident. For example, it 
was observed that each steel which developed nonlamellar carbides 
(“semipearlite’’) at one temperature level also did so at other levels 
in the pearlite region, but that these nonlamellar carbides became 
relatively more prevalent the higher the transformation temperature. 

The steels investigated do not comprise a sufficient number or 
variety to explore adequately all effects of composition upon the 
structure of annealed aluminum-killed hypoeutectoid steels ; neverthe- 
less, it may be significant that in the present group all steels which 
contain chromium develop well-formed pearlite, while all which do 
not contain chromium are “semipearlitic’. Other strong carbide- 
forming elements may possibly resemble chromium in this respect, 
but the range of compositions investigated is insufficient to make cer- 
tain of this. On the other hand, nickel and other noncarbide formers 
may possibly increase the tendency toward formation of nonlamellar 
carbides ; yet, SAE 1040, which contains no such alloying elements, 
shows a decided tendency to form nonlamellar carbides, although not 
quite so great a tendency as SAE 2340 or 4640. 





®The term “semipearlite’’ is used because it connotes the partly nonlamellar, partly 
lamellar character of such structures; furthermore, it implies that, as shown in Fig. 2, this 
transformation product forms as such directly from austenite and is not, therefore, some 
modification of what was once well-formed lamellar pearlite. Of course, there is not always 
a clear-cut distinction between what we have designated “well-formed lamellar pearlite’’ 
and “‘semipearlite’’, since the former will usually contain a few nonlamellar carbides, and 
the latter some areas of lamellar pearlite. In certain relatively high alloy steels, for in- 
stance SAE 3312, the pearlitic structure is somewhat finely spheroidal rather than com 
pletely lamellar; ‘‘semipearlite” is distinguished from such aggregate structures by the pres- 
ence of nonlamellar carbides which are relatively thick and massive as compared to carbides 
intimately associated with ferrite in a true aggregate. 
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Fig. 1—Microstructure of Isothermally Annealed Aluminum-Killed SAE Steels. 
Austenitized 100 to 200 F above Aes and transformed at the temperature level where 
transformation is just completed in 16 hours. Picral etch. > 1000. (a) 1040, (b) 
2340, (c) 4340, (d) 4640, (e) 9442, (f) 3312. 
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Fig. 1—Microstructure of Isothermally Annealed Aluminum-Killed SAE Steels. 
Austenitized 100 to 200 F above Aes and transformed at the temperature level where 
transformation is just completed in 16 hours. Picral etch, X 1000. (g) 3140, (h) 
4140, (i) 5140, (j) 6140, (k) 4815, (1) 8620. 





1947 ANNEALED HYPOEUTECTOID STEEL 887 


FORMATION OF “SEMIPEARLITE” 


If examination is confined to the structure after transformation 
is complete, one might infer that the massive, nonlamellar carbides 
in “semipearlitic” structures result from coalescence of some of the 
first carbide lamellae to form from austenite. That this is not the 
case is shown in Fig. 2, which illustrates three stages in the trans- 
formation of SAE 2340 steel at 1130 F (610C). In the first sample, 
micrograph (a), transformation to ferrite-carbide aggregate has bare- 
ly begun, yet the carbides are already assuming a massive, nonlamellar 
appearance (note arrow on the photomicrograph); the other two 
photomicrographs show that massive, nonlamellar carbides are pres- 
ent in relatively the same proportion throughout the transformation 
process. Thus, it is clear that these nonlamellar carbides form as 
such directly from austenite in certain steels, and that carbides do not 
coalesce to any appreciable degree on holding for a reasonably pro- 
longed period at the transformation temperature level. 

We have come to regard well-formed pearlite as the normal 
structure of slowly cooled steel; yet this may have come about merely 
because early experience dealt with steels in which the annealed struc- 
ture happened to be of this type. In recent years, the increased use 
of alloy steels and of aluminum additions to inhibit grain coarsening 
has resulted in commercial steels in which “semipearlite” may be just 
as common as well-formed lamellar pearlite. Apparently, transfor- 
mation of austenite to a ferrite-carbide aggregate entails at least two 
modes of carbide growth—lamellar, and the more or less equiaxed 
type which leads to massive, nonlamellar carbides. In most steels 
both processes occur to some extent; that is, there are probably few 
steels in which at least a few nonlamellar carbides do not form, al- 
though in the majority lamellar growth apparently predominates so 
as to produce what we have designated “well-formed lamellar pearl- 
ite”. In the present instances, we are dealing with samples annealed 
in such a way that undissolved carbide is not a factor, at least insofar 
as it is microscopically visible; we recognize, however, that the pres- 
ence of undissolved carbide favors the formation of the nonlamellar 
rather than the lamellar type, and thus tends to produce, in almost 
any steel, a predominantly spheroidal aggregate by direct transforma- 
tion of austenite. 


INFLUENCE OF AUSTENITIZING TEMPERATURE 


The samples illustrated in Fig. 1 were all austenitized at about 
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at 1450 F, in size 7-8. Note that massive, a es form directly 
austenite. icral etch. > 1000. (a) 15 minutes, (b) 2 hours, (c) 16 hours. 


= 
Fig. 2—Progress of Transformation at 1130 F in SAE 2340 Steel. Austenitized 
mellar i = 
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the temperature that would ordinarily be used in practice, which is not 
more than 200 F (95C) above Ac,. It is of interest to determine 
the effect of higher austenitizing temperature upon the tendency of 
certain steels to form the “semipearlitic’”’ structure on annealing. 

Fig. 3: shows the structure of the SAE 2340 (F.G.) steel after it 
had been austenitized at each of three higher temperatures, and then 
had transformed as before at 1130 F (610 C), but over a longer time® 
to allow for the slower transformation rate of coarse-grained aus- 
tenite ; the specific treatment in each case is listed in Table II. For 
comparison with the original austenitizing at 1450 F (790C), note 
micrograph (c) of Fig. 2. After austenitizing at 1550 F (845C) 
many nonlamellar carbides are present, but only a few when aus- 
tenitized at 1650 F (900 C), and scarcely any when 1750 F (955 C) 
was used; it is significant that, as shown in Fig. 3, austenite grains 
coarsened at 1650 F (900C) and at 1750F (955C), but not at 
1550 F (845C). This particular heat of SAE 2340 steel will there- 
fore contain reasonably well-formed pearlite only after austenitizing 
at 1650 F (900 C) or higher. 

Fig. 4 shows the effect of higher austenitizing temperatures 
(1750 and 2000 F) on the structure of SAE 1040, 4640, and 4815, in 
all of which the original annealing treatment developed “semipearlite” 
(see Fig. 1). In each, well-formed pearlite developed when the 
austenitizing temperature exceeded some minimum, but this minimum 
differs for different steels. In these instances there is a definite cor- 
relation between this minimum austenitizing temperature and that at 
which the grains coarsened rapidly. This probably implies that, even 
among a number of heats of the same type of steel, no precise com- 
mon limit can be assigned as the minimum austenitizing temperature 
necessary to develop well-formed pearlite, since the grain-coarsening 


temperature is likely to vary somewhat among aluminum-killed heats 
of the same grade. 


INFLUENCE OF MopE oF DEOXIDATION 


The foregoing illustrations show that certain grades of steel, 
when killed with aluminum, have a strong tendency to form nonlamel- 
lar carbides after austenitizing at the temperature ordinarily used in 
practice ; in order to determine the effect of mode of deoxidation on 
the annealed structure, pairs of commercial heats, one killed with alu- 


*Preliminary experiments demonstrated that a transformation period several times the 
16 hours originally used did not alter the appearance of the annealed structure; that is, no 
massive, nonlamellar carbides were formed by coalescence of lamellar carbides during such a 
prolonged holding period after transformation was completed. 
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Fig. 3—Influence of Mente Temperature (Grain Size) U the Structure of 
Isothermally Annealed SAE 2340. icral etch, 31000. (a) 1550 F, grain size 7, 
(b) 1650 F, grain size 4, (c) 1750 F, grain size 3-4. 
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Fig. 4—Influence of Austenitizing Temperature on the Structure of Several Alu- 
minum-Killed Steels. Compare with structure of these steels after austenitizing at 
lower temperature (Fig. 1). Picral etch. x 1000. (a) SAE 1040, austenitized at 1750 F, 
grain size 5. (b) SAE 1040, austenitized at 2000 F, grain size 3. (c) SAE 4640, 
austenitized at 1750 F, grain size 6. (d) SAE 4640, austenitized at 2000 F, grain size 
2-3. (e) SAE 4815, austenitized at 1750 F, grain size 8 (f) SAE 4815, austenitized 
at 2000 F, grain size 4. 
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minum, the other not, of two such grades were investigated. The 
heat treating details are given in Table II, and the resulting micro- 
structures illustrated in Fig. 5. Micrographs (a) and (b) represent 
SAE 1040 steel, micrograph (a) being the aluminum-killed and 
micrograph (b) the sample from the heat to which no aluminum had 
been added; both were austenitized at about the temperature used 
commercially in heat treating this composition, and were then trans- 
formed identically. A similar comparison for the pair of SAE-2340 
heats is shown in the micrographs (c) and (d). In both these com- 
positions, the samples from heats not treated with aluminum contain 
reasonably well-formed pearlite in contrast to many massive, non- 
lamellar carbides (“‘semipearlite’’) in the sample from each corre- 
sponding aluminum-killed heat; the former are moderately coarse- 
grained, and the latter fine-grained, as would be expected. 

It is thus apparent that mode of deoxidation of a steel may in- 
fluence its structure when annealed; seemingly, the condition in the 
austenite which inhibits grain coarsening also promotes formation of 
nonlamellar carbides in certain types of steel of which SAE 1040 
and 2340 are typical. 


INFLUENCE OF AUSTENITE GRAIN SIZE 


An apparent correlation between austenite grain size and tend- 
ency to form “semipearlite’’ has been shown; that is, massive, non- 
lamellar carbides were observed in certain steels when fine-grained 
but never when coarse-grained. In no case, however, was the effect 
of austenite grain size isolated from that of deoxidation or from the 
possible effects of other factors associated with treatments at high 
austenitizing temperatures. In order to study the effect of grain size 
alone, difference in austenite grain size was produced in a single speci- 
men by forging one end. 

In the first experiment of this kind, a wedge-shaped specimen of 
SAE 2340 (F.G.), % inch thick on one end and 7 inch thick on the 
other, was heated to 2000 F (1095 C) and then hot-forged to a uni- 
form thickness of 7, inch; this hot-forged specimen, while still well 
above 1130F (610C), was then quenched into lead at 1130F 
(610 C) and held at this temperature until completely transformed. 
The resulting structure at each end of this specimen is shown in 
photomicrographs (a) and (b), Fig. 6; (a) represents the hot-forged 
end in which coarse austenite grains produced by heating at 2000 F 
(1095 C) were broken up by the forging into uniform small grains, 
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Fig. 5—Influence of Deoxidation Practice on the Structure as Annealed. Picral 
etch. xX 1000. (a) SAE 1040, austenitized at 1550 F and transformed at 1290 F. Alu- 
minum-killed, grain size 7. (b) SAE 1040, austenitized at 1550 F and transformed at 
1290 F. No aluminum added, grain size 4.5. (c) SAE 2340, austenitized at 1450 F 
and transformed at 1130 F. Aluminum-killed, grain size 7.5. (d) SAE 2340, austenitized 
at 1450 F and transformed at 1130 F. No aluminum added, grain size 5.5. 
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Fig. 6—Effect of a Difference in Austenite Grain Size (Without a Difference in 
Austenitizing Temperature or Time) on the Character of the 1130 F Transformation Pro. 
duced in SAE 2340. Picral etch. xX 1000. (a and b) (F.G.) Austenitized at 2000 F 
and transformed at 1130 F, forged end (fine-grained) at left. (b and c) (F.G.) Aus- 
tenitized at 1600 F and transformed at 1130 F, cold-worked end (coarse-grained) at 
— (e and f) (C.G.) Austenitized at 2000 F and transformed at 1130 F, forged end 
(fine-grained) at left. 
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while photomicrograph (b) represents the unforged (coarse-grained ) 
end. The difference in structure between these two is a consequence 
of the difference in grain size, since both had the same austenitizing 
treatment; in the fine-grained metal the carbides are almost entirely 
nonlamellar, whereas in the coarse-grained metal they are present as 
lamellae. 

In another experiment, a similar wedge-shaped specimen of 
SAE 2340 (F.G.) was hammered cold to a ;;-inch flat before aus- 
tenitizing. It was then heated to 1600 F (870C) (just below its 
coarsening temperature in absence of cold work), whereupon the 
cold-worked end became coarse-grained and the opposite end re- 
mained fine-grained. This specimen was transformed, as before, at 
1130 F (610C), producing the structures illustrated by photomicro- 
graphs (c) and (d) of Fig. 6; (c) represents the fine-grained end, 
(d) the coarse-grained (cold-worked). Again in this case, “‘semi- 
pearlite” appears where austenite grains are small, but not where they 
are large. 

Finally, hot-forging technique was applied to a similar wedge- 
shaped specimen of SAFE 2340 (C.G.), the whole procedure being 
identical with that of SAE 2340 (F.G.) just described. In this steel, 
to which no aluminum had been added, very few massive, nonlamellar 
carbides were present even though the forged end was extremely fine- 
grained (micrographs (e) and (f) of Fig. 6); thete are, however, a 
number of small dispersed carbides, but the structure is essentially 
lamellar pearlite rather than “semipearlite”. Apparently, there is not 
always a direct correlation between austenite grain size and tendency 
to form “‘semipearlite” ; mode of deoxidation is also an interrelated 
factor, although it does appear that the massive, nonlamellar carbides 
characteristic of “semipearlite’ never form to any appreciable extent 
when austenite grains are large. 


DISCUSSION OF RESULTS 


It would seem from these observations that the massive, nonlamel- 
lar carbides appear to a marked extent only in aluminum-killed steels 
of certain compositions, and in these only when austenite grains are 
relatively small. Nonlamellar carbides may be eliminated from the 
annealed structure of such compositions by (a) austenitizing them 
above their grain coarsening temperature at the beginning of the an- 
nealing cycle, or (b) avoiding the use of aluminum as a deoxidizer.’ 

7It is not known at present whether other powerful deoxidizers such as titanium and 


vanadium, which are effective in raising the grain-coarsening temperature, behave like alu- 
minum in this respect. 
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The mode of deoxidation which, in large measure, determines 
the austenite grain size after the usual anneal also seems to influence 
the structure of annealed hypoeutectoid steel. While correlation be- 
tween austenite grain size and the tendency of a given steel to trans- 
form to “‘semipearlite” has been noted, it would appear that the essen- 
tial factor is the condition in the steel produced by deoxidation with 
aluminum, rather than grain size directly. This inference is drawn 
since a steel not killed with aluminum developed reasonably well- 
formed pearlite even though very fine-grained (see SAE 2340 (C.G.) 
illustrated in Fig. 6). The usual belief, although somewhat specula- 
tive, is that deoxidation with aluminum produces a multitude of sub- 
microscopic particles of aluminum oxide, or aluminum nitride, or 
both ; such particles inhibit grain growth in austenite until, on reaching 
a sufficiently high temperature, they presumably dissolve and diffuse 
in austenite. These submicroscopic particles may possibly serve as 
nuclei on which carbide precipitates from austenite during its trans- 
formation to a pearlitic structure; when sufficiently numerous and 
properly distributed, they may promote formation of the nonlamellar 
type of carbide which characterizes our “semipearlitic” structures. It 
is perhaps less surprising that nonlamellar carbides sometimes form 
than that lamellar growth, taking steels as a whole, occurs as often as 
it does. The tendency toward lamellar growth must be quite strong, 
yet not so strong but that it may be replaced to a greater or lesser 
extent by nonlamellar growth under certain conditions; these condi- 
tions are presumably associated with particles capable of nucleating 
carbide, whether these particles arise from deoxidation with alumi- 
num or are carbides remaining undissolved because of incomplete 
austenitization ; regions of high carbon concentration might have the 
same effect as undissolved carbides. 

It is also possible that lamellar growth is more difficult when the 
individual volumes of austenite about to transform are very small. 
This occurs in fine-grained hypoeutectoid steels whenever a large 
proportion of ferrite is rejected. This viewpoint, if correct, helps 
to explain why lamellar growth always predominated in our chromi- 
um steels but not in the others, chromium being an element which, for 
a given carbon content, by considerably lessening the proportion of 
proeutectoid ferrite, increases the size of individual volumes of aus- 
tenite about to transform to a pearlitic aggregate. 


CONCLUSIONS 


Samples of each of twelve hypoeutectoid steels of standard com- 
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mercial compositions were austenitized, then completely transformed 
at a temperature level such that the resulting pearlite was in each 
steel about equally coarse ; comparison of the resulting structure, with 
particular reference to whether it was largely or only partly lamellar, 
leads to the, following conclusions : 

(a) In the aluminum-killed steels containing chromium, the an- 
nealed structure was well-formed pearlite, whereas in those 
without chromium it contained many massive, nonlamellar 
carbides. 

(b) The pearlite was substantially lamellar in those specimens 
in which the austenite grains just prior to transformation 
were coarse, whether the coarseness was due to lack of de- 
oxidation with aluminum or to high austenitizing tempera- 
ture, or was developed by heating after cold working. 

(c) In plain carbon, nickel, or nickel-molybdenum steel, when 
the transtorming austenite was fine-grained—whether be- 
cause of thorough deoxidation with aluminum or low aus- 
tenitizing temperature or hot forging—the pearlite formed 
was only partly lamellar, most of the carbide being present 
as scattered, nonlamellar particles. This “semipearlitic”’ 
type of structure is a direct product of transformation of 
austenite and not, as might be inferred from its final appear- 
ance, the result of coalescence of what initially were lamellar 
carbides. 

(d) In a steel of a composition prone to develop nonlamellar 
carbides, but which had not been killed with aluminum (so- 
called “silicon-killed’’), reasonably well-formed pearlite was 
developed on annealing, even when the austenite had been 
made very fine-grained by hot forging. 

These conclusions, though strictly valid only for the group of 
steels included in this investigation, are believed to be generally ap- 
plicable. They suggest that the mode of formation of the carbides 
in annealed hypoeutectoid steels is somehow associated with the fine- 
ness of grain of the transforming austenite and with the fundamental 
factors which influence this grain size. 
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DISCUSSION 


Written Discussion: By P. Payson, Research Laboratory, Crucible Steel 
Company of America, Newark, N. J. 

The first steel in which we observed the formation of a nonlamellar 
structure at high transformation temperatures was a hypoeutectoid steel, 
SAE 4345, austenitized at 1450 F (790 C), as reported by Payson, Hodapp and 
Leeder*® at the annual meeting of the Society 7 years ago. No satisfactory 
explanation was offered at that time for this unexpected behavior of austenite, 
although both J. J. B. Rutherford and B. R. Queneau in discussing our paper 
suggested the possibility of particles other than residual carbides being present 
to nucleate the formation of nonlamellar carbides. In his excellent Campbell 
Memorial Lecture in 1941,’ R. F. Mehl stated that a nonlamellar transformation 
product was formed at high temperatures only from “heterogeneous austenite 
containing free carbide or undissipated carbon concentration gradients, or both”. 

We have found, as has the author, that some hypoeutectoid steels are quite 
refractory in their transformations at high temperatures and persist in forming 
nonlamellar products even though they have been austenitized at temperatures 
well above those at which it is reasonable to expect all carbon concentration 
gradients would be dissipated. Mr. Grange has, therefore, made a useful contri- 
bution in pointing out that deoxidation with aluminum is a factor which plays an 
important part in determining the transformation product which results during 
the annealing of these steels. 

But the author’s discussion of the factors, composition and grain size, is 
not very convincing. He states that the absence of a lamellar structure in 3312 
“is due to its relatively high percentage of alloying elements, chromium par- 
ticularly”. Yet on the same page he states, “all steels which contain chromium 
develop well formed pearlite”. Incidentally we also have found that 3312 does 
not form a lamellar structure even when the steel is austenitized at temperatures 
as high as 1800 F (980C). 

Some years ago we made an effort to establish the effects of the various 
elements (up to about 0.5% concentration) on the tendency of the austenite to 


SP. Payson, W. L. Hodapp and J. L. Leeder, ““The Spheroidizing of Steel by Isothermal 
Transformation,” Transactions, American Society for Metals, Vol. 28, 1940, p. 307, Fig. 1. 


°*R. F. Mehl, “The Structure and Rate of Formation of Pearlite,” Transactions, 
American Society for Metals, Vol. 29, 1941, p. 827. 


























1947, DISCUSSION—ANNEALED HYPOEUTECTOID STEEL 899 


transform at high temperatures to a lamellar product. We were primarily 
interested in developing spheroidal structures and so we used fairly low 
austenitizing temperatures. We found for steels with about 0.30 to 0.80% 
carbon that chromium was particularly effective in decreasing the tendency for 
lamellar carbides to form; that the other carbide formers, molybdenum, tungsten, 
vanadium and columbium, had a similar effect but to a lesser degree; that 
manganese, nickel and silicon appeared to be neutral in this respect; and that 
aluminum definitely favored the formation of lamellar pearlite. In this study, 
the steels used were made in small induction heats and only very small additions 
of aluminum were used for deoxidizing them. Our data are not conclusive 
except in respect to the use of relatively low austenitizing temperatures and on 
this basis we would expect the carbide formers to limit the formation of lamellar 
pearlite. Residual carbides and carbon concentration gradients undoubtedly 
would be the important factor in this behavior. 

Mr. Grange points out that his conclusions are based on relatively few 
heats and that they “are strictly valid only for the group of steels included in 
this investigation”. It is well to emphasize this because it is not unusual to 
find among different heats of the same grade that the response to annealing, par- 
ticularly in respect to the formation of lamellar pearlite, is not always the same. 

In this discussion of the effects of alloying elements on the formation of 
pearlite it should be pointed out that the factor in melting practice which 
causes a steel to be abnormal in the familiar McQuaid-Ehn test is undoubtedly 
important, because that is how we define abnormality, viz., the tendency of a 
steel to avoid the formation of a lamellar structure, under the conditions where a 
lamellar structure is expected. Here the implication is that elements other 
than those we ordinarily see in an analysis report are responsible for the 
tendency of the steel not to form a lamellar structure. Furthermore, there is a 
phenomenon which is opposite in its character to abnormality in that it causes 
a distinctly lamellar structure to form at the rim of a hypereutectoid steel 
during an anneal which causes the rest of the bar to be completely spheroidal. 
At one time it was thought that this “picture-frame” pearlite was merely 
evidence of decarburization. But it is definitely something in addition to decar- 
burization—something which involves the atmosphere surrounding the bar 
during the annealing operation. 

Finally, the data presented by the author on the effect of grain size are not 
very helpful. He shows that coarse-grained steels tend to transform to lamellar 
carbides, but that fine-grained steels also may transform to distinctly lamellar 
carbides. Here again the effects of the “visible” elements may be overshadowed 
by the effects of the “invisible” ones. It still appears that the generalization 
presented as Rule 1 in “The Annealing of Steel” is correct, namely, “The 
higher the austenitizing temperature, the greater is the tendency for the structure 
of the annealed steel to be lamellar, whereas, the closer the austenitizing tempera- 
ture is to the critical (Ae,) temperature, the greater is the tendency for the 
structure of the annealed steel to be spheroidal”’. 

The author has made it clear that some steels will have a lamellar product 
when austenitized at a temperature not far above the critical whereas others will 


#P, Payson, “The Annealing of Steel,” published by Crucible Steel Company of America. 
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have a semipearlitic structure when austenitized at a temperature way over the 
critical. But this does not invalidate the rule. If a given austenitizing tempera- 
ture causes a steel to have a lamellar structure, some lower temperature will 
cause this steel to have a semipearlitic or spheroidal structure, and if a given 
austenitizing temperature causes a steel to transform to a spheroidal product, a 
higher austenitizing temperature in hypoeutectoid steels will cause the trans- 
formation product to be more lamellar. 

Written Discussion: By Edward A. Loria, Industrial Fellow, Mellon 
[nstitute of Industrial Research, Pittsburgh. 

This paper is a most useful contribution to the literature on the isothermal 
annealing of hypoeutectoid steel. The writer is particularly interested in the 
effects of prior structure, banding and homogenization on the results obtained. 

The initial structure of steel prior to austenitizing may be an important 
factor in this investigation. Normally, various proportions of lamellar and 
spheroidized carbide, depending upon the machinability characteristics desired, 
are used as starting structures for the hardening operation while some parts are 
heat treated from a hot-rolled or as-forged prior condition. Prior structure 
would be particularly effective where austenitizing temperatures are low enough 
that undissolved carbides and undissolved carbon concentration gradients would 
be present. In fact, austenitizing at a temperature that is somewhat lower than 
is normally used for that particular steel might have an effect, though it may be 
relatively minor in character. Welchner, Rowland and Ubben" studied the 
effect of spheroidized, annealed and normalized prior structures on the harden- 
ability of several alloy steels and found that the spheroidized and annealed 
(coarser) structures, which showed the presence of undissolved carbides, gave 
an inferior depth of hardening. The author points out that on austenitizing at a 
relatively low temperature, carbides or small volumes of ferrite may remain 
undissolved in inhomogeneous austenite and favor transformation to a partially 
spheroidal structure. Also, in employing austenitizing temperatures only 200 to 
300 F (95 to 150C) above Aci, it is quite possible that carbon concentration 
gradients would still be present and would increase the rate of austenite-pearlite 
reaction at high transformation temperatures. In particular, carbon concen- 
tration gradients have an appreciable effect on alloy steels. Of course, it is 
difficult, if not impossible, to determine this under the microscope for the steel 
will appear homogeneous in all respects. 

Different initial structures would give different TTT-curves, just as 
austenite grain size affects the type of curve one obtains. The effect of initial 
structure (i.e., pearlite spacing) on the austenitizing rate was considered by 
Roberts” who showed that, as the pearlite spacing decreases, the rate of 
nucleation and the rate of growth of austenite increases. In addition, Roberts 
showed that it is more difficult to form a homogeneous austenite in aluminum- 
killed steels compared with silicon-killed steels. In his studies on the rate of 
reaction to austenite he noted that fine-grained steel reacted much more slowly 


_ BJ. Welchner, E. S. Rowland and J. E. Ubben, “Effect of Time, Temperature and 
Prior Structure on the Hardenability of Several Alloy Steels,”” Transactions, American 
Society for Metals, Vol. 32, 1944, p. 521-552. 


2G. A. Roberts and R. F. Mehl, “The Mechanism and the Rate of Formation of 
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at the same temperature, the coarse pearlite produced in coarse-grained steel 
having a slightly faster rate of austenite formation than even the finest structure 
produced in the fine-grained samples. The rate of austenitizing and the rate of 
homogenization in steel before quenching is different in each steel and is a 
variable which will affect subsequent heat treatment. The rate at which steel 
austenitizes depends on the prior structure. Alloy steels are much more 
sensitive to austenite heterogeneity since the alloy carbides deplete the austenite 
of the alloy it might have held in solution so that the steel, in reality, contains 
a lower alloy content than the over-all chemical analyses indicate. Banded trans- 
formation has an analogy in austenitizing. Banded austenite, particularly as 
to alloy content or impurities, occurs as elongated streaks. Segregation, in 
turn, affects nucleation and growth since the so-called austenite pools are 
elongated instead of spherical. It is apparent that practically all commercial 
hardenable steels, especially the medium carbon, low alloy steels, are banded. 
The degree of this banded condition may vary from heat to heat or from 
location to location within the ingot. 

The author observes that in the present group all steels containing chromium 
develop well-formed pearlite, while all which do not contain chromium are 
“semipearlitic”. Also, that other strong carbide-forming elements may possibly 
resemble chromium in this respect. It is therefore interesting to speculate on 
the effects of vanadium, titanium, and zirconium which are carbide-stabilizing 
elements. On the other hand, these elements also promote the formation 
of a fine grain size in steel. The question that naturally arises is whether 
vanadium, titanium and zirconium develop well-formed lamellar pearlite since 
they are strong carbide-forming elements or if there is no apparent effect since 
these elements, like aluminum, are also grain refiners in steel. The effect of 
chromium on pearlite formation at 1200F (650C) has been studied by 
Davenport” and Austin and Doig.“ The effect of this element in first increasing 
and then decreasing the time for pearlite formation at 1200 F can be explained 
by the fact that chromium raises the Ae: point of a steel and also the pearlite 
nose. Though the nose is continuously pushed to the right by successive 
additions of chromium, it is also raised toward higher temperatures. Thus, if 
the 1200 F (650 C) level in the TTT-diagram of a steel of chromium concen- 
tration A is on the nearly horizontal portion of the upper side of the pearlite 
nose, an increase of chromium to concentration B may move the pearlite nose 
upward enough to produce a decrease in transformation or nucleation time. 

Finally, it has been shown that the addition of aluminum to steel (during 
deoxidation) affects some of the finer details of the structure of the carbide 
constituent, particularly by tending to spheroidize the carbide and to produce 
what may be called an “abnormal” structure. It should also be noted that this 
spheroidal form of carbide is more easily graphitized. 

Written Discussion: By James R. Blanchard, Climax Molybdenum 
Company of Michigan, Detroit. 


Mr, Grange is to be congratulated on this very excellent paper. His data 


_ BE. S. Davenport, ‘Isothermal Transformation in Steels,’ Transactions, American 
Society for Metals, Vol. 27, 1939, p. 837. 
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Fig. A—Structure of SAE 4330 Steel, Austenitized for 30 
Minutes at 1550 F and Transformed at 1250F in 8 Hours, 
Etched in 4% Picral. X 1500. 


show that the decomposition of austenite to pearlite is even more complex than 
was previously supposed by most of us. 

The author shows that a lamellar structure is obtained in chromium-bearing 
steels when they are transformed at temperatures near the Ae:. This has not 
always been our experience. For example, we have found that a “semipearlitic” 
structure is produced in an aluminum-killed, fine-grained, SAE 4330 steel that 
has been austenitized at 1550 F (845C) for 30 minutes and transformed at 
1250 F (675 C) in 8 hours. This structure is shown in Fig. A. An examination 
of a water-quenched sample revealed that all the carbides had been dissolved. 
The heat treatments of the SAE 4330 steel and the author’s SAE 4340 steel 
were nearly identical. There is a difference, however, in the prior condition of 
the two steéls that probably is responsible for the apparently anomalous behavior 
at 1250 F (675C). The SAE 4330 steel was in the annealed condition, whereas 
Mr. Grange’s SAE 4340 steel was in the normalized condition. ‘Welchner, 
Rowland and Ubben” found that the prior structure had a considerable effect 
on the hardenability of SAE 4340 and other steels. It is reasonable, therefore, 
to expect that the structures obtained on transformation to pearlite might also 
be affected by prior structure. 

The “semipearlitic” structure has also been observed in carbon-molybdenum 


steels which were in the annealed condition before receiving a normal austeni- 
tizing treatment. 


_ 4J. Welchner, E. S. Rowland and J. E. Ubben, “Effect of Time, Temperature and 
Prior Structure on the Hardenability of Several Alloy Steels,” Transactions, American 
Society for Metals, Vol. 32, 1944, p. 521-551. 
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These data are presented because it is common practice to slow-cool an 
SAE 4340 steel after rolling to prevent cracking. A subsequent anneal might 
not produce a true lamellar structure unless the steel is normalized first. 

Mr. Grange found no effect of aluminum on the formation of pearlite in 
the chromium-bearing steels. Is there an explanation for this? 

Written Discussion: By O. W. McMullan, chief metallurgist, Bower 
Roller Bearing Co., Detroit. 

The writer made use of the behavior of steels described in this paper in 
setting up annealing cycles for shot steels and similar grades during the war. 
Shot steel of 4150 composition is mentioned particularly because of the large 
quantity of bar stock mili annealed for high speed machining in automatic 
screw machines. That work substantially confirms the author’s results although 
there are some points of difference. Mill cycles of course were not subject to 
such precise control and ncither was isothermal annealing but the cooling of a 
furnace load of 20 to 50 tons approached isothermal conditions in some respects. 

Most of the steels in this production work contained chromium but still 
exhibited the behavior of producing a more or less spheroidized structure after 
cooling from low annealing temperatures and lamellar when high temperatures 
were used. The behavior apparently is one of degree rather than totally 
different, such steels as plain carbon, chromium and manganese tending to be 
more lamellar than nickel-molybdenum steels, for example. 

Neither did the change in commercial cycles appear to be sudden with 
increase of grain size as reported by the author. When annealed at just above 
the Ac; the structure might more properly be called semispheroidized with the 
lamellar plates present being short and heavy. Higher annealing temperatures 
produce increasing percentages of more and more distinctly lamellar structures. 

An observation not reported by the author is that as the austenitizing 
temperature increases the lamellar spacing becomes closer, or at least such 
is the case with continuous cooling. There is evidence of this also in the 
author’s Fig. 4 (a) and (b) where the lamellar structure is distinct at both 
temperatures. There is also a change in hardness as might be expected from 
the structural changes. 

Mr. Grange did not discuss the practical side of the structural changes in his 
paper but the behavior reported is of considerable commercial importance, both 
as to machinability and physical properties of finished articles. High annealing 
temperatures to produce coarse-grained structures have long been advocated to 
provide better machinability. This especially in connection with carburizing 
steels such as SAE 4620 where improved machinability is claimed to be a result 
of a coarse grain size with little or no reference being made to the internal 
grain structure. The writer does not agree with this conclusion and has found 
it to be a mistake to merely produce a coarse grain size without considering 
other factors involved. High annealing temperatures improve the machinability 
of low carbon steels, not because of the coarse austenitic grain size but rather 
on account of the more brittle structure produced by lamellar rather than 
spheroidal carbides in a structure in which soft tough ferrite predominates. 

With steels such as the shot steels mentioned, wherein lamellar pearlite 
tends to be considerably over 200 Brinell, the higher hardness produced by 
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Fig. B—Graph ee, Hardness Results From Annealing 


Three Grades of Steel at Various Temperatures. The original 
condition was hot-rolled. 


higher annealing temperatures (employing the usual cooling rates in commercial 
annealing) reduces machinability. Control of the maximum Brinell then 
becomes more important than obtaining a fully lamellar structure. Lower 
annealing temperatures which produce a partially spheroidized structure with 
heavy, widely spaced lamellae in the pearlite provide better machinability because 
the hardness is lower. 

Fig. B shows hardness results from annealing three grades of steel at 
various temperatures. The original condition was hot-rolled. The increase in 
hardness in the pearlitic structures varies with alloy composition and carbon 
content, greater increase being shown as eutectoid composition is approached 
where hardness is dependent so largely on the condition of the pearlite. With 
some compositions of lower carbon content little or no increase in hardness 
occurred with the increase of annealing temperature as ferrite became predom- 
inant in the structure. 

The annealed structure may influence final physical properties. This was 
particularly noticeable in induction-hardened shot steels because of the short 
heating time. The softer tougher structure of the low temperature anneal 
gave better impact properties to the shot than was obtained following the high 
temperature, distinctly lamellar anneal. 

Written Discussion: By Arthur Levy, Pratt & Whitney Aircraft, East 
Hartford, Conn. 

It struck me rather strongly that no mention was made of increased time 
at temperature (austenitizing treatment). It almost seems that there was a 
possibility of the existence of nonhomogeneous austenite at the normal (lower) 
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austenitizing temperatures. This may be the case because increasing the 
austenitizing temperature resulted in the formation of a more normal pearlite. 
It is true that increasing the temperature increased the grain size, yet there is 
no doubt in my mind that this treatment also increased he homogeneity of 
the austenite. 

The author presented an anomaly on page 891 in the photomicrograph 
Fig. 4b. Here was SAE 1040 steel, austenitized at 2000F (1095C) and 
exhibiting coarser carbides than the same steel austenitized at 1750 F (955(C). 
How is this to be accounted for? Similarly, the photomicrograph of SAE 2340; 
Fig. 6, e and f. The author has previously stated that chromium was associated 
with the formation of fine spheroids within the pearlite; nevertheless, the nickel 
steel is shown to be capable of the same effect. 

In the discussion of results, it is hypothesized that the submicroscopic 
particles of aluminum oxide or carbide were responsible for the formation of 
the semipearlite. Following the author’s arguments it would seem more 
natural for this phenomenon to produce the fine spheroids rather than the 
coarse semipearlite. 

I was very pleased to read this report, particularly because it tends to 
substantiate my belief that deoxidation and grain coarsening characteristics of 
steel have an effect on the austenite transformation. 


Author’s Reply 


It is gratifying that most of the discussions accept the general idea that 
well-formed pearlite is sometimes difficult to develop on conventional annealing 
in modern commercial hypoeutectoid steels and that this difficulty is associated 
with deoxidation of the steel with aluminum. There is, however, some disagree- 
ment in regard to the influence of composition; in particular, Messrs. Payson 
and Blanchard both report the occurrence of “semipearlite” in steel containing 
an appreciable percentage of chromium (SAE 4345 and 4330, respectively), 
even when the austenitizing temperature was seemingly sufficient to dissolve all 
carbides in austenite. In view of these additional data, it seems advisable to 
conclude that “semipearlite’ may sometimes result from transformation of fine- 
grained and reasonably homogeneous austenite containing an appreciable per- 
centage of chromium; nevertheless, the data in the paper, as well as reports from 
those experienced in commercial annealing, point to the probability that hypo- 
eutectoid steels without chromium, particularly those containing an appreciable 
percentage of nickel, are far more likely to give trouble in annealing to a struc- 
ture of well-formed pearlite than steel with about 0.5% or more of chromium. 

Our results, which indicate that chromium increases the tendency to develop 
well-formed pearlite when the austenitizing temperature is high enough to 
dissolve carbides, are not necessarily inconsistent with Mr. Payson’s viewpoint 
that strong carbide formers promote a spheroidal or partly spheroidal structure 
when the austenitizing temperature is low. Presumably, development of the 
spheroidal type of structure is related to the prevalence of undissolved carbides, 
which are increased for a given austenitizing treatment when strong carbide 
formers are present, whereas the tendency to develop “semipearlite’ from 
austenite free from undissolved carbides is due to a different basic mechanism. 
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A difference in the effect of chromium, depending on whether the austenitizing 
temperature is low or high, is to be expected and is somewhat analogous to the 
well-established observation that a strong carbide-forming element may decrease 
hardenability when most of the element and an appreciable part of the carbon in 
the steel are tied up in the form of carbides which remain undissolved in austenite, 
whereas it increases hardenability when carbides are dissolved by heating to a 
higher temperature. That is, depending on whether carbides are dissolved or 
not, such a carbide former may either increase or decrease hardenability, just 
as in the present instance chromium appears to decrease the tendency to form 
lamellar pearlite at low austenitizing temperature at which carbides are not 
dissolved but to increase this tendency at higher austenitizing temperatures. 

The phrases from the paper quoted by Mr. Payson relative to the effect of 
chromium on the type of pearlite are only portions of sentences; if the entire 
sentences and the footnote on the page in question are read, the apparent incon- 
sistency he points out will be greatly clarified. Nevertheless, we possibly did 
not make our view of the effect of chromium entirely clear and consequently 
welcome this opportunity to discuss it further. The difficulty arises from the 
inclusion of the SAE 3312 steel in our series of aluminum-killed hypoeutectoid 
steels; as explained in the text, this steel develops neither well-formed pearlite 
nor what we call “semipearlite”. The structure of SAE 3312 represents a con- 
dition quite common in steels containing a relatively large percentage of 
chromium or molybdenum—namely, one in which well-formed pearlite cannot be 
developed by any heat treatment because the alloy content seems to preclude for- 
mation of perfect carbide lamellae and leads to the development of an aggregate 
structure in which many carbides are fine spheroids. Our experience indicates 
that well-formed pearlite forms in comparably annealed SAE 3340; hence it 
seems likely that less alloy may be required to promote the fine, partly spheroidal 
aggregate when the carbon content is low. In any event, the structure of the 
SAE 3312 is quite unlike that in steels we have designated “semipearlitic” ; 
therefore, we regarded the structure of SAE 3312 as being just about as well 
formed pearlite as can be developed in this particular composition, and hence 
classified it as “well-formed pearlite” rather than “semipearlite”. The classi- 
fication of the variety of annealed structures into only two arbitrary groups 
when three types were indicated is the real basis for Mr. Payson’s criticism; 
we feel, however, that such a classification is justified in this case because it so 
greatly simplifies discussion and, for the reasons given, does not affect con- 
clusions regarding the factors which lead to development of “semipearlite”. 

We agree with Mr. Payson that the response to annealing of different heats 
of the same nominal composition is not always identical and believe that this is 
at least in part due to the difficulty of reproducing from heat to heat exactly 
the same conditions of deoxidation. 

During the investigation it occurred to us, as it has to Mr. Payson, that 
there might be a correlation between the type of structure (degree of “normal- 
ity”) in the case of carburized steel and the tendency of a particular steel to 
develop “semipearlite”. With this in mind, a sample of each of our steels was 
carburized and the case examined for type of distribution of ferrite and carbide. 
No correlation was found in the aluminum-killed steels since two of the steels 
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which developed “semipearlite” were more “normal” than the eight which did 
not. It was possible, however, to distinguish in this way between heats which 
had been deoxidized with aluminum and those which had not. 

We believed that in the experiments described last in the text and summar- 
ized by the micrographs in Fig. 6 the effect of austenite grain size had been 
isolated from all other factors, including the effect of what Mr. Payson calls 
“invisible elements”. In these tests, a large difference in grain size was produced 
in the same small piece of steel; consequently, there could have been no difference 
in composition and the austenitizing treatment, hence the degree of austenite 
homogeneity, was identical throughout the sample.* The observation that 
“semipearlite” formed in such a sample where austenite grains were small but 
not where they were large seems to us to be a reasonably clear-cut demon- 
stration of the effect of austenite grain size isolated from that of any other 
factor. Judging from Mr. Payson’s remarks about the effect of austenite grain 
size, it seems that he has disregarded the interrelated effect of mode of deoxida- 
tion. The generalization cited by Mr. Payson as his “Rule 1” no doubt applies 
to steels austenitized within the temperature range in which carbides are 
incompletely dissolved ; however, when carbides are dissolved, the data presented 
in the paper indicate that factors other than the temperature to which steels are 
heated affect the annealed microstructure. 

We agree with Mr. Loria that prior structure may affect the annealed 
microstructure; however, our investigation dealt with factors which influence 
the annealed microstructure when carbides were dissolved, at least to the extent 
that they were not microscopically visible, and the principal effect of a coarse 
prior structure would be to increase somewhat the minimum temperature neces- 
sary to dissolve all carbides. The precise effect of carbon concentration gradients 
and austenite homogeneity on the annealed microstructure must, of course, remain 
largely in the realm of speculation since no means are available at present for 
qualitatively evaluating them. Generally speaking, it seems likely that an 
austenitizing treatment carried out 100 F or more above the minimum tempera- 
ture necessary to dissolve microscopically visible carbides in a given sample 
would produce reasonably homogeneous austenite, although complete homo- 
geneity is probably an ideal state which in practice can be approached but never 
quite attained. 

Mr. Blanchard’s observation that “semipearlite” occurs in SAE 4330 steel 
and also in plain molybdenum steels is a welcome addition to the data in the 
paper. His data indicate that “semipearlite” may be formed more readily when 
the steel is initially in the annealed rather than in the normalized condition. We 
would expect, however, that prior structure would be an important factor only 
at temperatures within a limited range just above the minimum necessary to 
dissolve all carbides in a normalized steel. With respect to Mr. Blanchard’s 
question as to why “semipearlite” is less likely to form in steel containing 
chromium, we can suggest no answer other than the rather inadequate one 


proposed in the last paragraph of the section of the paper titled “Discussion 
of Results”. 


It is possible that forging after austenitizing at 2000 F may have slightly increased 
homogeneity; if so, the “semipearlitic’’ portion was, if anything, the more homogeneous. 
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Mr. McMullan very pertinently points out some of the practical implications 
associated with the character of the annealed structure—a subject on which we 
have much less experience than he. His observation that in continuously cooled 
steel the interlamellar spacing of pearlite decreases with increasing austenitizing 
temperature is confirmed by our experience; it is believed to be due to the fact 
that an increase in austenite grain size, which accompanies a higher austenitizing 
temperature, increases the time required for austenite to transform to pearlite 
and thus causes a given steel, cooled at a particular rate, to transform at a 
lower average temperature with consequent finer pearlite. Mr. McMullan’s 
observations with respect to annealing SAE 4150 steel would seem to involve, 
at least in part, austenitizing temperatures too low to dissolve all carbides, since, 
as ordinarily austenitized, carbides are seldom completely dissolved in this 
grade of steel. 

It is true, as Mr. Levy points out, that no study was made of the effect of 
varying time of austenitizing; increasing the austenitizing time several fold 
would, however, probably be equivalent to only a slight increase in austenitizing 
temperature. In the range of temperature investigated, it is doubtful whether 
any of the steels were sufficiently inhomogeneous in the austenitic condition to 
make homogeneity an important factor; certainly the micrograph shown in 
Fig. 6a demonstrates that “semipearlite” can form from relatively homogeneous 
austenite, since this sample was austenitized at 2000 F (1095C). 

The micrographs in the paper represent only a portion of a single field at 
< 1000; any seeming anomaly arising from minute inspection of detail in them 
is due to the selection of the field rather than to a corresponding real difference 
in over-all microstructure. With respect to Mr. Levy’s suggestion that sub- 
microscopic particles which might serve as nuclei for carbide precipitation 
ought to promote fine spheroids rather than massive carbides, we should like to 
point out that the size of the individual carbides is determined by the temperature 
of their formation rather than by the number of potential nuclei present in 
the steel. 

In conclusion, we wish to thank those who have contributed discussions, 
all of which help to emphasize in a general way our lack of complete understand- 
ing of the process of austenite transformation and of all the factors which 
influence it. Obviously, a great deal more work remains to be done in this field. 








COPPER-TITANIUM ALLOY COATINGS ON MILD STEEL 


By Epwarp J]. CHAPIN AND CARLE FP, HAYWARD 


Abstract 


An exploratory study was conducted on the coating of 
mild steel with copper titanium alloys of several composi- 
tions by the application of heat in a protective atmosphere. 
The methods used in applying the coatings are described. 
Alloy compositions ranging from about 5% to about 
37.5% titanium were investigated to determine the coating 
composition which would produce the best spreading and 
surface characteristics. This was found to be of approxt- 
mately eutectic composition or about 25% titanium content. 

The observations made on metallographic examtna- 
tion, microhardness determinations, bend, corrosion, dif- 
fusion and nitriding experiments are presented. The results 
obtained show that copper titantum alloy coatings of 
eutectic composition have interesting properties which 
include a high silvery luster, exceptional hardness though 
somewhat brittle, a dense texture and a possible favorable 
resistance to corrosion. 


INTRODUCTION 


ITANIUM as a commercially useful metal is best known in its 

use as a deoxidizer, scavenger, hardener and grain refiner. Its 
use in the metallic state for purposes other than those mentioned seems 
to be wholly lacking. It would seem that a greater use of this element 
should be logical from a standpoint of abundance of raw material. 
It is estimated (1)* that the occurrence of titanium in nature amounts 
to from 0.3 to 0.45% of the earth’s crust. From a standpoint of 
quantity, it ranks tenth in the list of elements contained therein. 
Whereas from the standpoint of those elements which in pure metallic 
form are suitable for mechanical and structural use, it ranks fourth 
and is exceeded in abundance only by aluminum, iron and magnesium. 

In a pure state the element resembles pure iron, while if impure 
it resembles cast iron in appearance though the hardness is not as 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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great as that of cast iron. It is only 60% as heavy as wrought iron 
per unit volume while the physical properties are similar. 

The element is characterized by an extreme degree of chemical 
activity at room temperature when in a finely divided condition. In 
the massive state this activity is displayed only at high temperatures. 
The powdered metal burns readily in air with incandescence similar 
to that displayed by magnesium. It also burns in nitrogen and the 
halogens and forms quite stable sulphides and carbides, although these 
are subject to oxidation at high temperatures. Titanium, being a 
transitional element, also forms hydrides with hydrogen which are 
stable at ordinary temperatures but which dissociate at red heat 
liberating the hydrogen and leaving the metallic titanium in a very 
active condition. 

Alloys are formed with such metals as aluminum, manganese, 
iron, cobalt, nickel, copper, zinc and gallium. Wartman (1) mentions 
that titanium in alloying with other elements tends to form compounds 
that are insoluble in the solid state or if solid solutions are formed 
the tendency is toward those which are stable only in the liquid state. 
Such conditions favor the formation of brittle alloys of little struc- 
tural value. 

The coating of one metal by another through the application of 
heat is well known. For example, the commercial processes for 
coating iron surfaces with copper under the application of heat depend 
on the fact that a thin layer of copper will spread by capillarity 
over the iron if the temperature of the latter is above the melting 
point of copper and in a hydrogen atmosphere. Similarly, titanium 
will spread over copper by capillarity, as discovered and described 
by Alexander (2), under suitable conditions of temperature and 
protective atmosphere to produce a silver-like surface coating on 
the copper base which is quite resistant to oxidation. It seems that 
when solid copper and powdered titanium, preferably in the form of 
titanium hydride, are heated in contact with one another the hydride 
dissociates liberating hydrogen, while the titanium and copper diffuse 
one into each other at red heat to form a low melting point alloy, a 
eutectic, at the point of contact. If the heating is continued for several 
minutes the titanium will spread by capillarity over the surface of the 
copper, forming a surface coating consisting of an alloy of copper and 
titanium. The temperature used governs the composition of the alloy 
that will form and spread by capillarity, the minimum being the 
melting point of the eutectic, 878C. This unusual circumstance is 
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unique; since copper has a melting point about 700C lower than 
titanium it would appear that copper would be reduced to a liquid 
condition prior to the melting of the titanium. 

Titanium does not form low melting alloys with metals of the 
iron group and therefore will not spread over these metals at low 
temperature as it does with copper. However, the iron group metals 
can first be coated with copper and this can then be made to react with 
titanium to produce an alloy coating of copper-titanium on the iron 
group base metal. Alexander mentions further in describing his 
process that, upon prolonged heating of the coating in contact with the 
base metal, diffusion of the surface alloy into the base metal will take 
place. This diffusion zone can be further heat treated with car- 
bonaceous material to carburize it or with boron compounds to 
boronize it thereby producing titanium carbide and titanium boride, 
both very hard compounds. 

The value of protecting iron and steel by various metallic coatings 
is well recognized. The possibility that copper-titanium alloy coatings 
on steel might have useful applications and the lack of any data on 
these coatings led to this investigation. The work undertaken in- 
cluded coating experiments on copper-plated steel samples conducted 
according to the process outlined by Alexander and already men- 
tioned. Further, coating experiments were conducted on copper- 
plated and unplated steel samples in which a / predetermined 
copper-titanium content mixture was heated in contact with the base 
metal. The titanium content of these mixtures ranged from approxi- 
mately 5 to 37.5% with the balance copper. With this method the 
steel samples did not have to be copper plated to produce a copper- 
titanium coating. In addition, experiments were conducted to deter- 
mine the feasibility of producing a copper-titanium coating on steel 
using a powdered master alloy that had been previously melted and 
then crushed. Considerable attention was given to the preparation 
of samples, especially those factors that contributed toward contami- 
nation of the titanium. Microstructures of the various copper- 
titanium coatings obtained were studied metallographically and the 
more typical were photographed and are presented in the text. 
Microhardness tests were made with a Tukon tester and the hardness 
characteristics of various constituents and zones occurring in both the 
alloy coatings and base metal were studied. The resistance of the 
various alloy coatings of titanium copper on steel to a 10% NaCl 
solution was studied. Some experiments were made on prolonged 
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heating of copper-titanium alloy coatings on both iron and steel. The 
results of these were studied metallographically and some interesting 
photographs were obtained showing the diffusion structure. A 
qualitative analysis of the extent of diffusion of copper and titanium 
in the iron-base metal was considered spectrographically and chem- 
ically with some X-ray diffraction observations on the interface zone 
between coating and diffusion structure. Nitriding experiments were 
conducted on some samples into which copper-titanium had been 
diffused to observe the effects of such treatment. Several coatings 
were subjected to bending to determine the effects of this on the 
stability of the coatings and their adherence to the base metal. 


DISCUSSION OF PREVIOUSLY RECORDED WorK 


Very little appears in the literature concerning the use of metallic 
titanium as a coating material on other metals. Alexander’s process 
(2) has already been mentioned. Travers (3) attempted to coat iron 
with titanium by a high temperature treatment in titanium tetra- 
chloride, TiCl,, but was unsuccessful. A thin film of titanium nitride 
formed above 1000C (1830 F) in a hydrogen atmosphere. The 
nitrogen was present as an impurity in the hydrogen. In hydrogen 
purified over calcium-magnesium, titanium tetrachloride gave a coat- 
ing of metallic titanium which only retarded the corrosion of iron. 

The properties of the element titanium are of such a nature that 
a short review of what has been found is considered worthy of 
mention. Kroll (4) found that oxygen-free titanium in a rolled 
state had a hardness of Rockwell C-20. After melting it in a 99.6% 
argon atmosphere the hardness rose to Rockwell C-35 due to absorp- 
tion of minute quantities of oxygen and nitrogen. The metal is reported 
to absorb considerable quantities of both gases with a probability of 
suboxideée and nitride formation. These gases cannot be removed by 
remelting in either hydrogen or a vacuum nor can they be removed 
by deoxidizing with carbon or thorium. Carbon, like oxygen and 
nitrogen, renders the metal very hard and brittle. Titanium has a 
mean coefficient of expansion of 97.9 « 10°* between OC and 850 C 
(1560 F). It undergoes allotropic transformation at 880 C (1615 F) 
from hexagonal to cubic symmetry. Fast (5) established the melting 
point of titanium at 1725 C (3135 F). He also observed the allotropic 
transformation at 880 C (1615 F) and noted that the metal absorbed 
oxygen and nitrogen upon heating and became brittle as a result. 
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Fig 1—Copper-Titanium Equilibrium Diagram—Hensel and Larsen. 


The crystal chemistry of several titanium alloys was investigated 
by Laves and Wallbaum (6) who reported alloys were formed with 
manganese, iron, cobalt, nickel, copper, zinc and gallium. Those 
alloys with low titanium content formed the following compounds: 
TiMn,, TikFe,, TiCo,, TiNi,, TiCu,, TiZn,, and probably TiGa,. 
The first three are of the 12/6-co-ordination number type while the 
next three are close-packed structures with TiCu, being a deformed 
hexagonal type. Those alloys with intermediate titanium content 
formed compounds of the CoCl type: FeTi, CoTi, etc., with CuTi 
nonexistent. With excess titanium content isomorphous compounds 
were formed: MnTi,, FeTi,, NiTi,, and CuTi,. These are face- 
centered cubic structures with 96 atoms per cell. 

Data on copper-titanium alloys deal almost entirely with the 
physical properties of copper alloys of low titanium content. The 
copper-titanium equilibrium diagram is quite incomplete. Kroll (7) 
determined the copper-titanium eutectic composition to be 24% 
titanium. Hensel and Larsen (8) constructed a tentative equilibrium 
diagram from cooling curves obtained from a thermal analysis. This 
is reproduced in Fig. 1. Their X-ray investigations on copper- 
titanium alloys ranging from 0.83 to 27.27% titanium showed that 
lines belonging to a face-centered cube were strongest on all diffrac- 
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tion pictures. The lattice constant increased from 3.60 A for pure 
copper to 3.65 A for the 20.53% titanium alloy. A solid solution of 
titanium in copper was indicated with the same space lattice as that of 
pure copper. With increasing amounts of titanium new lines corre- 
sponded mostly to pure titanium with the first alloy to show these 
new lines containing 7.72% titanium. Not all of the lines could be 
matched with the titanium structure so that the extra lines may have 
represented a copper-titanium compound. The age hardening charac- 
teristics studied by these investigators showed that copper-titanium 
alloys would age within certain concentration limits. After quenching 
from 900 C (1650 F) and aging for 1 hour, aging started at 250C 
with the optimum temperature being between 400 and 450 C. Above 
500 C (930 F) the hardness decreased. 

Jones (9) in investigating the influence of diffusing elements 
upon the alpha-gamma inversion of iron found that titanium when 
allowed to diffuse into iron between 1000 and 1300C (1830 and 
2370 F) did so by the production of a diffusion boundary and a 
columnar ferrite diffusion growth from which he concluded that the 
binary system Fe-Ti included a gamma loop. That titanium promotes 
a ferritic structure is indicated by a number of investigators who 
added titanium to austenitic steels. Kase (10) in a study of metallic 
cementation examined the penetration of titanium into iron, nickel 
and copper by means of a ferrotitanium alloy at temperatures from 
800 to 1300 C (1470 to 2370 F). He noted that the rate of diffusion 
increased with increase in temperature and in the case of iron 
abruptly so at the Ar, point. He observed that the cemented surface 
became harder than the base metal but no advantage resulted regard- 
ing corrosion resistance. Laissus (11) obtained diffusion of titanium 
into iron using ferrotitanium powder containing 33.42% titanium 
and 8.37% carbon. Microexamination showed the formation of a 
border of columnar crystals of Fe-Ti solid solution which was less 
readily attacked by the etching reagent. 


APPARATUS AND MATERIALS USED 


The steel used in the experimental work was not of the quality 
desired but wartime conditions prevented wider choice. The mild 
steel used included AISI designation C 1020 hot-rolled and C 1022 
cold-finished. It was supplied in flats 1 inch wide and in thicknesses 
of 4%, % and Yinch. The suppliers’ general analysis for this material 
was as follows: 
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C Mn Pp S 
C 1020 0.18-0.23 0.30-0.50 0.04 0.05 
C 1022 0.18-0.23 0.70-1.00 0.04 0.05 


Armco iron was used in some experiments to determine the 
effects of prolonged heating of alloys of copper-titanium in contact 
with this base metal. The analysis of this was approximately as 
follows: C, 0.02; FeO, 0.25; S, 0.015; Si, nil; P, 0.005; Cu, 0.165; 
Mn, 0.025. 

The source of powdered titanium used in all of the experiments 
was powdered titanium hydride about 300 mesh. The formula of 
this compound was taken as TiH, in all computations. This material 
was also used as a “getter” for oxygen and nitrogen and for a source 
of hydrogen in some of the earlier work. 

Pure copper powder, stearate covered and precipitated copper 
powder which was deoxidized with hydrogen was used for com- 
pounding the copper-titanium-hydride powder mixtures that formed 
the basis for the various titanium content alloy coatings that were 
applied to steel. The copper powders were as finely divided as the 
titanium hydride used in conjuction with them. 

The solvents used for the removal of grease from the steel 
samples included benzine, trichlorethylene and carbon tetrachloride. 
Mill scale was removed from the samples by making them the cathode 
in an electrolytic pickling cell containing 25% sulphuric acid by 
weight and passing a current of 7.5 amperes per square decimeter at 
2 volts for about 5 minutes. Distilled water was used for all rinsing 
and washing purposes and for making up various aqueous solu- 
tions used. 

The unsatisfactory results obtained in the earlier experiments 
indicated that the steel surfaces had to be meticulously clean and 
free from contaminants. Thus the steel samples were bright annealed 
in a hydrogen atmosphere, some at 750C (1380 F) and others at 
850 C (1560 F). This treatment not only annealed the base metal 
but it also removed all surface oxidation and slightly decarburized 
the surfaces as well. This work was done in the same apparatus as 
that used for the coating experiments which will be described pres- 
ently and need not be repeated here. 

Copper coating of the steel samples was done electrolytically 
from a Rochelle salts copper-cyanide bath containing 10 liters of 
solution. This solution contained 260 grams CuCN, 350 grams 


NaCN, 300 grams Na,CO,, and 450 grams NaKC,H,0,:°4 H,O. The 
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plating bath was heated by an electric immersion heater and a tem- 
perature of 75 C maintained. The current density nominally employed 
was 7 amperes per square decimeter at 2.7 volts. 

The apparatus used for the coating of steel samples with copper- 
titanium alloys by the application of heat is shown schematically in 
Fig. 2. It consisted of a specimen chamber A which was a 1%-inch 
diameter by 24-inch long fused quartz tube sealed at one end. The 
open end was stoppered with a two-hole rubber stopper which was 


To Vacuum Purnp 





Fig. 2—Schematic Diagram of Apparatus Used for Coating Steel Samples With 
Copper-Titanium Alloys. 


tied securely by strings cemented to the tube and in addition was 
water-cooled when in operation. The upper outlet of the tube was 
connected to a hydrogen cylinder. This line contained two drying 
tubes with one containing calcium chloride and the other a mixture of 
phosphorous pentoxide and granular pumice with the hydrogen flow 
passing through the calcium chloride first. The lower outlet of the 
quartz tube was connected to a 4-way %-inch pipe fitting, “C”, This 
line was used for evacuating and for the escape of excess hydrogen 
over the pressure regulated by a mercury seal. A second branch of 
the 4-way fitting was connected to a Stokes Machine Co. Flosdorf 
modification McLeod vacuum gage, “G”’. A third branch of the 
fitting was connected to a mercury column and seal, “H’’. This was 
made up of a 3%-inch diameter glass tube 36 inches long inserted into 
a 500-cc. suction flask containing mercury. One end of the glass tube 
was immersed into the mercury to a depth of 1 inch. This device was 
used to prevent air from entering the system, yet it afforded a means 
of excess pressure of hydrogen over that desired to escape. The 
fourth branch of the 4-way fitting was connected to a rotary oil 
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vacuum pump with a rated capacity of 12.47 cubic feet per minute at 
a speed of 430 rpm. A blank-off valve was provided at position “L”. 
Heavy-walled rubber tubing, 34-inch hole, was used for all flex- 
ible lines. 

The furnace ‘““M” had an interior opening 5 inches square by 
16 inches long. It was heated by 4 Globar elements placed length- 
wise in each corner of the 5-inch square. The power supply for the 
operation of the furnace was regulated by a switchboard arranged in 
10-volt steps from 0 to 220 volts. 

Temperature measurement was through a chromel-alumel thermo- 
couple introduced into the back end of the furnace and recessed into 
the middle of the brick support upon which the quartz tube rested 
while in the furnace. In position the quartz specimen tube and the 
thermocouple protecting tube were in contact and the end of the 
thermocouple was very nearly at a point directly below the midpoint 
of the two samples. Temperatures were recorded in millivolts by a 
potentiometer, “P”’. 


EXPERIMENTAL PROCEDURE 


sefore reasonable results could be obtained suitable procedures 
had to be worked out experimentally for the preparation of the steel 
samples prior to coating them and for the actual coating operation. 

A 4-inch length was used on all steel samples. Upon removing 
grease and scale one surface of the l-inch flat was ground smooth on 
metallographic grinding belts. This provided the surface which was 
subsequently coated with a copper-titanium alloy. The samples were 
then bright annealed in hydrogen, some at 750 C (1380 F) and others 
at 850C (1560 F) from 1 to 4 -hours, with 1 hour appearing 
sufficient to thoroughly clean the surfaces of all oxides and to provide 
slight decarburization. Cooling of the samples was slow and a pro- 
tective atmosphere was maintained throughout this operation. At 
this point some of the samples were copper plated while the others 
were coated directly by heating a powder mixture of copper and ti- 
tanium hydride. 

The samples to be copper plated were first given a dip in a 
sodium cyanide solution containing 45 grams NaCN per liter and then 
rinsed in cold distilled water before hanging them in the plating bath. 
This bath preheated to 75 C and maintained at this temperature de- 
posited 0.0006 inch of copper in 15 minutes quite consistently. 
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Various thicknesses of copper plate were produced ranging from 
0.0005 to 0.0025 inch. The deposits obtained were fine-grained and 
smooth with little or no blistering in evidence. The thickness of the 
copper deposited was determined by taking the total weight of the 
copper deposited and the total surface area into consideration, and 
calculating the thickness from this. 

In those experiments where a copper-titanium coating was to be 
obtained by the reaction between titanium hydride and copper plate 
on steel, the method of applying the titanium hydride in a thin, well 
distributed layer was to first make a suspension of the hydride in a 
vehicle of reagent alcohol, then to apply this suspension with a small 
marking brush to the copper surface previously preheated to about 
60 C to promote rapid evaporation of the vehicle. Thicker layers of 
the hydride could be produced by repeating the application of the 
suspension as many times as was desired. Another method of apply- 
ing the hydride was tried which was to dust the copper surface with 
the hydride. However, this proved troublesome from a handling 
standpoint. 

In those experiments where an alloy coating of copper-titanium 
was produced from heating a copper-titanium hydride powder mixture 
applied to copper-plated and unplated steel samples a similar tech- 
nique to that described above was tried but was discarded in favor 
of a dry method. The compounding of the desired copper powder 
titanium-hydride mixture consisted of weighing out both ingredients 
separately then mixing them thoroughly in a mortar. The mixture 
thus obtained was applied to the surface of the sample by totally 
enclosing it with a collapsible steel mold leaving only the surface 
exposed that was to receive the mixture. This exposed surface was 
adjusted about 1/16 inch below the top of the mold, thus forming a 
receptacle with the sides of the mold. The mixture was then placed 
into this receptacle, compacted and smoothed level with the top of the 
mold. The mold was then removed and the edges of the deposited 
layer were bevel trimmed. Since this investigation was primarily 
concerned with the feasibility of producing copper-titanium alloy 
coatings on steel no attempt was made to restrict the thickness of the 
coatings to a certain definite amount. The method of applying the 
powder mixtures to the steel samples was such that no accuracy in 
thickness or composition could be expected at best. 

The formation of the coating of a copper-titanium alloy by the 
application of heat followed the same procedure in all of the experi- 
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mental work. It was found that only two samples could be treated 
at one time. The samples were supported on combustion boats which 
contained titanium hydride and were placed into position as far as 
they would go in the tube. In front of the samples a nest of three 
combustion boats containing titanium hydride was placed to protect 
the samples against any ingress of oxygen or nitrogen during the 
crucial heating period. The rubber stopper was then inserted and 
tied securely. The hydrogen inlet into the tube was normally kept 
closed off except when it was necessary to supply gas from the 
cylinder. The tube was then alternately evacuated down to about 
20 microns pressure and flushed with hydrogen four times to remove 
all air. Hydrogen was allowed to fill the system until a pressure of 
1 inch of mercury above atmospheric prevailed as regulated by the 
mercury seal. The hydrogen flow was then cut off and a static 
atmosphere allowed to prevail. 

The tube and its contents was then placed into the furnace which 
was preheated to the desired temperature. As the tube heated, evolu- 
tion of hydrogen occurred coming from the titanium hydride being 
dissociated by heat. This evolution generally was observed to cease 
when a temperature of 900C (1650 F) was reached. Usually the 
hydrogen atmosphere was static during the holding period at the 
desired temperature which ranged from about 900C (1650 F) to 
about 1100 C (2010 F), depending on the nature of the experiment. 
When cooling of the tube started, the dissociated titanium began to 
absorb the hydrogen from the system. If this was allowed to continue 
without supplying gas from the cylinder, vacuum conditions were 
soon created. Thus to prevent the ingress of air, sufficient gas was 
allowed to enter the system to maintain the necessary overpressure of 
hydrogen. When a temperature of about 500 C was reached the tube 
was removed from the furnace and allowed to cool in air. The tube 
remained closed and the contents were not removed until the whole 
had reached room temperature. 


DISCUSSION OF RESULTS OBTAINED 


Early attempts to produce metallic copper-titanium alloy coatings 
on copper-plated steel by heating powdered titanium hydride in con- 
tact with the copper resulted in the oxidation of the titanium before a 
metallic coating could be formed. Instead a black layer was produced 
which could not be rubbed off or dislodged easily. To correct this 
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condition, an atmosphere excluding air by using hydrogen at a pres- 
sure greater than atmospheric was used rather than a vacuum to 
prevent oxidation from this source. Contaminants which were liable 
to occur in the copper plate and in the base metal had to be avoided 
or removed to prevent oxidation of the titanium. Adsorbed gases 
within the specimen tube had to be removed by alternate evacuation 
and flushing with hydrogen to prevent oxidation from still another 
source. When oxygen and nitrogen-free conditions prevailed it was 
possible to obtain metallic copper-titanium alloy coatings with con- 
siderable ease. 

The first series of experiments to be considered of which a few 
are tabulated in Table I were conducted by heating the titanium 
hydride in contact with copper-plated steel. The method of applying 
the hydride has already been mentioned and need not be repeated 


Table I 
Copper Plate TiH, Temperature 
Sample Weight Thickness Weight of Run Time 
Number Grams Inches Grams c F Minutes 
20 0.374 0.0006 0.165 952 1745 17 
652 0.281 0.0005 0.175 1005 1840 17 
644 1.033 0.0018 0.265 978 1795 10 
650 1.119 0.0019 0.335 975 1785 10 
666 1.229 0.0022 0.975 1010 1850 16 
646 1.096 0.0019 0.274 907 1665 14 
670 0.258 0.0005 0.155 954 1750 22 


here. Attempts were made to vary the amount of hydride applied to 
observe the effects. The temperatures used were commensurate with 
the fact that at a given temperature only an alloy of definite copper- 
titanium composition will form and spread by capillarity. To illus- 
trate this and referring to Table I, let us take sample number 620 as 
an example: with the amount of copper and titanium that is in contact, 
an alloy coating should form composed of approximately 69% copper 
and 31% titanium by weight. Likewise the composition of the coating 
of sample number 646 should be approximately 80% copper and 
20% titanium, while that of sample number 666 should be 56% 
copper and 44% titanium. It should be noted that the temperatures 
used followed the trend of the alloy formation with the higher tem- 
peratures being employed for the higher titanium content. In each 
of these experiments bright, shiny, silver-colored metallic coatings 
were produced. 

The surface characteristics indicated that spreading of the alloy 
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formed was not uniform, so that the surfaces upon close scrutiny 
appeared uneven. In addition, small bumps scattered at random 
added to this unevenness. Some of these had ruptured tops which 
gave them the appearance of minute craters. Most of the coatings 
showed some flaking of the surface which occurred immediately upon 
removal of the samples from the tube and exposure to atmospheric 
pressure. These flakes proved to be very hard but also very brittle. 

Sample number 646 apparently had insufficient titanium present 
and the coating produced had not completely spread so that some 
coppery patches were in evidence, while the coating of sample 666 
apparently contained excess titanium with the copper-titanium eutectic 
wetting the copper plate down the sides, ends and bottom of the 
sample. The wetted copper plate appeared silver colored in the 
affected area and no appreciable difference in thickness could be 
found between that of the unaffected copper plate and the silver- 
colored wetted areas. This wetting action seemed to have drained 
the lowest melting point alloy, the eutectic, from the original surface 
and what was left behind appeared rough and disturbed. This residue 
apparently was composed of material whose melting point was higher 
than the temperature employed and therefore it froze immediately 
after its formation. The formation and fusion of such material under 
these conditions presents a difficulty in justifying its existence unless 
the reaction is exothermic. This point will be considered a little later. 
Generally excess titanium in the coatings was evidenced by the pres- 
ence of a hard, silvery surface of very high metallic luster. Whereas 
the copper-titanium eutectic produced a surface that was silver colored 
yet softer in hardness and in luster. Flaking already mentioned 
occurred on most of the coatings that were very thin and which dis- 
played a very high metallic luster, and which indicated a compound 
of high titanium content. This flaking was probably caused by 
pressure of gas pockets underneath the coating. 

The microstructures of these coatings were quite difficult to 
resolve into definite constituents. They appeared generally as a 
single white unetched microconstituent which was not attacked by 
H,O, in NH,OH and only moderately by FeCl,. Attack was easy 
with 0.5% HF solution which would indicate free or high titanium 
content. The brittleness added to the difficulties of microsectioning. 

Microhardness measurements made with a Wilson Tukon tester 
on the various microsections showed in general that titanium in 
alloying with copper tends to form hard but brittle compounds. As 
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nearly as could be ascertained the hardness of the material contained 
in the flakes mentioned above gave a “Knoop” hardness number of 
1030. If this value was convertible to Rockwell hardness values it 
would be in excess of C-70. Hardness measurements, made in places 
where the coating appeared to have spread smoothly and did not pos- 
sess the very high luster, gave a “Knoop” number of about 565 or a 
Rockwell equivalent of C-52. If this hardness could be retained and 
the brittleness eliminated, these coatings would have considerable 
merit. In the areas where the copper plate had been wetted by the 
copper-titanium eutectic alloy, a “Knoop” hardness number of about 
250 was obtained or a Rockwell equivalent of C-15. If this wetting 
action could be promoted to take place on a large scale on copper- 
plated steel, a desirable coating would be formed which would be 
decidedly tight and impervious to aqueous solutions and abrasion re- 
sistant as well. The unwetted copper plate was of course soft and gave 
a “Knoop” number of about 85. The intermediate layer between the 
coating and base metal at the interface appeared to be hard but 
measurement of this detail was not possible due to its thinness. 

Subjecting the coated samples to total immersion for 7 days 
in a 10% NaCl solution, maintained at 35 C and saturated with air, 
disclosed that the copper-titanium alloy coatings were resistant to this 
solution under the conditions used. No appreciable attack of the 
coatings by the solution could be detected microscopically nor was 
any electrolytic action apparent between the coating and the thin, 
hard intermediate layer. However, where the base metal had been 
exposed through pores in the coatings, caused by ruptured gas bubbles, 
corrosion of the base metal occurred. This corroding action was of 
the pitting type with the copper-titanium alloy coatings and the thin 
intermediate layer decidedly cathodic with respect to the base metal. 
Susceptibility of a protective coating to this type of corrosive action 
is of course undesirable where corrosion is a factor. 

Although metallic coatings of high luster with appreciable hard- 
ness resulted, the tendency for titanium to form brittle compounds 
with copper rather than extensive solid solutions seemed to be quite 
evident. The limited solid solubility of titanium in copper and pre- 
sumably the even more limited solid solubility of copper in titanium 
would predispose any alloys formed to appear in the form of brittle 
intermetallic compounds. Since it was difficult to control the amount 
of titanium hydride in the layer on the copper plate with its limited 
amount of copper, an excess of titanium over an amount necessary for 
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a eutectic composition generally prevailed. Thus the resulting surface 
alloy formed was presumably governed by the amount of titanium 
present since only a limited amount of copper was available. Where 
flaking had been observed to occur a very thin surface also prevailed 
which had a very high metallic luster and also a high hardness 
accompanied by decided brittleness. It is assumed that these coatings 
were cOmposed entirely of a high titanium-intermetallic compound. 
The spreading characteristics of these alloys appeared limited and 
they appeared to have solidified very quickly after their formation. 
Where the composition of the alloy formed seemed to be either eutectic 
or slightly hypereutectic it displayd a great tendency to spread by 
capillarity if copper was available adjacent to the molten alloy. This 
characteristic suggests that dipping of copper-plated steel in a molten 
bath of eutectic composition of copper-titanium alloy should produce 
a coating in which the copper plate would be readily wetted and its 
pores sealed tight. 


Coatings Obtained With Various Mixtures of Titanium Hydride and 
Copper Powder Applied to Copper-Plated and 
Unplated Steel Samples 


Since a copper-titanium alloy composition of about eutectic pro- 
portions appeared to have the best spreading qualities it was decided 
to examine this by a series of experiments in which a number of 
copper powder titanium hydride mixtures were used. This method 
provided a means of studying the characteristics of various copper- 
titanium compositions and their structures. It also provided a means 
of observing the wettability of copper-titanium alloys on unplated 
steel. The mixtures used included the following percentages of 
titanium hydride by weight: 5, 10, 15, 20, 25, 28, 30, 36, 37.5%. The 
manner in which these mixtures were compounded and applied has 
already been described under the section on experimental procedure. 
Table II is a tabulation of the pertinent data on the various coatings 
obtained and is representative of the total work done. 

No attempt will be made to discuss the results of each particular 
TiH, copper powder combination tried as this would be uninteresting. 
The results, however, are discussed according to the factors which 
seemed to affect the characteristics of the coatings. 

The coatings produced from the powder mixtures containing 5 


“9s 


10 and 15% titanium hydride were generally unsatisfactory. The 
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Table I-A 
Weight Thick- 
Time % TiHein Mixture ness Corrosion 
Run Temperature at Temp. Sample Mixture Applied Cu Plate Tested in 
Number ie F Hr. Min. Number by Weight rams Inches 10% NaCl 
15 1072 1960 ‘ 24 500 5.0 0.870 0.002 
602 0.870 0.002 
27 1083 1980 : 14 408 5.0 1.119 0.002 
401 1.896 pals 
30 1083 1980 ‘ 20 613 5.0 5.245 eae 
612 5.810 0.0005 
40 1070 1960 2 0 515 5.0 4.070 bam 
510 3.760 0.0004 
25 1078 1970 ‘ 30 607 10.0 3.795 aes 
606 2.949 0.002 
39 1050 1920 : 10 5i4 10.0 4.190 0.0005 
515 3.550 iuite 
20 1012 1855 ‘ 25 107 15.0 2.545 aor 
106 2.135 0.001 
38 1037 1900 3 00 512 15.0 3.520 0.0005 X 
511 4.242 AS X 
26 1095 1840 : Kt) 609 15.0 4.055 or X 
608 4.593 0.0005 X 
\ 
Table 11-B 
Weight Thick- 
Time % TiH,in Mixture ness Corrosion 
Run Temperature at Temp. Sample Mixture Applied Cu Plate Tested in 
Number Cc F Hr. Min. Number by Weight rams Inches 10% NaCl 
48 952 1745 —— 634 30.0 2.690 0.0005 Xx 
12 988 1810 te 600 30.0 2.770 0.0019 x 
al 2.775 Lexa xX 
36 1005 1840 4 00 4 30.0 some 0.0008 > 
43 972 1780 1 07 616 35.0 3.120 0.0025 X 
618 2.790 0.002 X 
13 975 1785 . 25 402 36.0 2.270 0.002 X 
400 37.5 2.170 0.0018 X 
Precast Alloy 
46 1062 1995 17 626 28% Ti 3.875 0.0005 xX 
49 1049 1920 1 05 625 3.550 Seth xX 
51 1041 1905 ‘ 15 638 4.438 0.0017 xX 
Table II-C 
Weight Thick- 
Time % TiHgin Mixture ness Corrosion 
Run Temperature at Temp. Sample Mixture Applied Cu Plate Tested in 
Number Cc F Hr. Min. Number by Weight rams Inches 10% NaCl 
19 1008 1850 ; 15 202 20.0 1.825 0.002 xX 
207 1.580 naan X 
31 1006 1845 1 00 614 20.0 4.940 0.0004 X 
615 2.490 nana xX 
32 1008 1850 2 00 412 20.0 2.740 0.0006 x 
405 3.085 pies xX 
33 1007 1850 4 0 502 20.0 3.440 0.0005 X 
503 3.765 bbse xX 
16 900 1650 i x) 201 25.0 1.915 sek xX 
855 1570 2 00 204 1.790 0.0006 x 
24 974 1785 ‘ 10 604 25.0 2.630 0.0018 xX 
605 4.790 eas xX 
34 962 1765 2 0 504 25.0 2.580 0.0018 x 
505 3.615 rate X 
14 950 1740 ; 15 406 27.0 1.375 0.0017 X 
w4 29.0 1.548 0.0018 xX 
35 1006 1845 2. +o 506 28.0 3.400 0.0019 xX 
507 4.285 pitas x 
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lowest titanium content coatings were virtually copper coatings in 
which the titanium was dissolved in the molten copper. These were 
characterized by surface films which had impaired the wettability of 
the copper on the unplated samples. It was assumed that some slight 
oxidation of the titanium was responsible for the existence of these 
films. In‘several instances the coatings were noted to be broken into 
segments with the unplated base metal unwetted between them. The 
broken segments were coated with surface films which appeared dark 
colored. This breaking of the coating was not observed in the case 
of the copper-plated samples used. Apparently the presence of the 
copper plate provided a protection against contamination, presumably 
of the titanium, by elements contained in the steel even though 
eventual melting of the copper plate took place. 

With increase of the titanium hydride to 10% the coatings 
showed a decided tendency to assume a gray color. Thus the strong 
coloring influence of titanium was noted to manifest itself on copper. 
The coatings produced appeared dull light gray, grainy and porous. 
The spreading characteristics were very weak however. The 15% 
titanium-hydride mixtures produced coatings which showed an in- 
crease in luster although the surface was still grainy and somewhat 
porous. A decided tendency to spread began to become evident. 
Fusion was observed to take place locally with a limited coalescence of 
the alloy in evidence. The spreading characteristics, although still 
weak, showed some improvement with increasing titanium content. 

The microstructures of these coatings were generally noted to 
follow the same pattern. The 5% titanium-hydride mixtures pro- 
duced coatings which showed a reddish matrix containing a few 
white unetched stringers scattered through it which were visible only 
at high magnification. The reddish matrix was very susceptible to 
etching with H,O, in NH,OH, being darkened very quickly, so that 
it was rather difficult to develop the structure. At high magnification 
a precipitated phase was observed in the reddish matrix that appeared 
as very fine narrow black particles arranged in parallel wavy rows. 
The solid solution of titanium in copper at room temperature is very 
limited, being less than 0.5%. Thus the structure suggested a solid 
solution of titanium in copper plus a precipitated phase within the 
grains and a small amount of eutectic that was not very well devel- 
oped. As the titanium content increased, the microstructure showed 
an increase in the amount of the white unetched microconstituent. 
Where the heating had been prolonged a thin interface layer was 
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observed separating the coating from the base metal and evidence of 
diffusion by elements of the surface alloy into the base metal was 
also apparent. 

Beginning with a 20% and up to and including 28% titanium- 
hydride content in the mixtures, the coatings produced gave the most 
promising results from a standpoint of appearance, smoothness and 
spreading characteristics. A number of satisfactory results were 
obtained. 

With the 20% TiH, content mixture the following gave repre- 
sentative results. 


202 copper plated 


Samples run at 1008 C for 15 minutes 


207 unplated J 
{614 copper plated | 
J 
! 


Samples | run at 1006 C for 1 hour 


615 unplated 


502 copper plated 


Samples run at 1007 C for 4 hours 


503 unplated J 

The coatings of these samples seemed to have been formed by an 
even spreading of the surface alloy with the copper-plated specimens 
exhibiting somewhat better characteristics than the unplated ones. The 
heavier copper-plated specimens showed superior coatings to those 
thinly plated. 

Some tendency for the copper-titanium alloy to wet the sides and 
ends of the copper-plated samples was observed, while in the unplated 
samples this characteristic was entirely lacking. This observation 
indicated that copper-titanium alloys do not wet iron in the manner 
that they wet copper. The coatings on the unplated samples showed 
in addition a decided tendency to become discolored at the edges, 
which was presumably caused by contamination of the titanium by 
elements in the base metal. 

The surfaces produced in the majority of cases appeared smooth, 
silver colored with a rather soft luster and relatively free from gas 
blisters and pores. The adhesion of the coatings to the base metal 
seemed to be satisfactory. The effect of prolonged heating on the 
coatings seemed to result in their losing their luster to some degree. 
Generally it was observed that the coatings could be formed satis- 
factorily in a short period of time at the required temperature and 
that no advantage was gained by prolonging the heat treatment. In 
fact, prolonging the heat treatment reduced somewhat the attractive 
silvery luster. 
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Fig. 3—Sample 502 (Copper Plated) Coating Produced From 20% TiH, Mixture. 
Etch: "i, on in NH,OH (coating). X 100. 3% Nital (base metal). 


Fig. 4—Same as Fig. 3. > 500. 


Fig. 5—Sample 503 (Unplated) Coating Produced From 20% TiH, Mixture. Etch: 
H,O, in NH,OH (coating). X 100. 3% Nital (base metal). 


Fig. 6—Same as Fig. 5. X 500. 
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The microstructures contained the usual two microconstituents 
with the white unetched one increasing in amount as the titanium con- 
tent also increased. Fig. 3 is the microstructure of a typical coating 
obtained with a mixture containing 20% titanium hydride. This was 
sample number 502 copper plated, run at 1007 C for 4 hours. At the 
very surface edge the coating appears as an unbroken white unetched 
layer which apparently is a eutectic, while below this exists a fine 
aggregate of two microconstituents fairly uniformly dispersed com- 
posed of a reddish matrix and a white microconstituent. Some 
eutectic exists here but it is not well developed and therefore not 
apparent. At the interface a thin layer separates the coating from the 
base metal which presumably is a compound composed of copper- 
titanium-iron, while below the interface a diffusion zone can be seen 
extending into the base metal the lower extremity appearing as a 
black line parallel to the interface. Fig. 4, taken at higher magnifica- 
tion, shows these details very clearly. A precipitated phase is apparent 
in the diffusion zone while the boundary between the lower edge of 
the diffusion zone and the ferrite grains of the base metal is well 
defined. It is interesting to note that a columnar ferritic zone seems 
to be absent. The bond between coating and base metal seems to be 
well established as a result of prolonged heating. 

In Fig. 5 is the microstructure of sample 503 unplated. This 
sample was run at the same time as sample 502. A somewhat different 
distribution of the microconstituents seems to be in evidence with the 
white unetched one arranged in layers more or less parallel to the 
interface with a matrix of reddish and small white particles. Fig. 6 
shows the interface conditions of this sample resolved at higher mag- 
nification. The diffusion zone appeared quite different from that of 
the copper-plated sample and seems to have the precipitated phase 
arranged in chain-like layers or rows parallel to the interface with 
some precipitation in evidence along grain boundaries as well. The 
thin layer separating the coating from the base metal appears as a 
fringe at the interface. The bond between the coating and the base 
metal appears well established even though this sample was unplated. 
It will be noted that a columnar ferrite band is apparent which is 
characteristic of the process of diffusion, displayed by a number of 
metals when they diffuse into iron. 

As the titanium-hydride content was increased in the mixture the 
spreading characteristics of the resulting copper-titanium alloys were 
also noted to increase. A greater tendency of the alloy existed to run 





1947 COPPER-TITANIUM ALLOY COATINGS 929 


down the sides, ends and to wet even the bottoms of copper-plated 
samples. On the unplated samples even though the surface alloy 
spread satisfactorily to form a coating, it showed no tendency to go 
beyond the edges even when the coatings were quite thick. The high 
wetting tendency on copper-plated samples seemed to drain the 
eutectic alloy from the coated surface leaving it enriched in higher 
melting point material. This generally caused the surface of the 
coating to become rough and uneven. According to Kroll (7) the 
eutectic composition in the Cu-Ti system is 24% titanium. Thus, 
above this titanium content the composition of the system _ be- 
comes hypereutectic and the copper-titanium compound or compounds 
will accordingly be expected to have higher melting points, depending 
on the titanium concentration. This hypereutectic material usually 
appeared on the high spots of the rough coatings and generally had a 
very high metallic luster. It also displayed high hardness as well as 
brittleness. 

At 28% titanium-hydride content in the mixtures the tendency 
toward forming higher melting point copper-titanium compounds 
became apparent. Beyond this concentration a decided increase in a 
high metallic luster characterized the formation and increase in these 
higher melting compositions. 

Mixtures containing 25% titanium hydride produced coatings 
that were quite satisfactory in appearance and showed a maximum 
amount of spreading. This composition was of course very nearly at 
a eutectic and fluidity at the lowest possible temperature should have 
occurred. The draining tendency by wetting down the sides and ends 
was evident, leaving the surface coating somewhat rough as a result. 
Some samples which had the copper plate ground off on the sides and 
ends retained the surface coating intact since the alloy did not have a 
copper path to follow adjacent to it. 

The microstructures of the coatings produced from mixtures 
containing 25 to 28% TiH, did not show very much difference. The 
eutectic structure was coarse and not very evident. Fig. 7 is the 
microstructure of sample 504 copper plated, run at 962 C for 2 hours. 
Although the composition is very nearly eutectic, the structure does 
not resemble the typical form. The usual two microconstituents are 
evident in about equal proportions. Diffusion has taken place as is 
evidenced by the zone which appears in the base metal, the lower 
boundary appearing as a solid black line below the interface. Some 
columnar ferritic growth as an outgrowth of the diffusion process is 
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Fig. 7—Sample 504 (Copper Plated) Coating Produced From 25% TiH, Mixture. 
Etch: H,O. in NH,OH (coating). X 100. 3% Nital (base metal). 

Fig. 8—Sample 505 (Unplated) Coating Produced From 25% TiH, Mixture. Etch: 
H.O. in NH,OH (coating). X 100. 3% Nital (base metal). 

Fig. 9—-Sample 400 (Copper Plated) Coating Produced From 37.5% TiH, Mixture. 
Etch: H,.O. in NH,OH (coating). xX 100. 3% Nital (base metal). 

Fig. 10—Sample 402 (Copper Plated) Coating Produced From 36% TiHz Mixture. 
Etch: H,O, in NH,OH (coating). 100. 3% Nital (base metal). 
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evident. This sample was only slightly decarburized. Pearlite can be 
seen adjoining the diffusion zone. Fig. 8 is the microstructure of 
sample 505 unplated and run under the same conditions as sample 
504. The microstructure is not portrayed very clearly but the upper 
portion is decidedly eutectic. It will be noted that the structure of 
this is quite coarse, which seems to be quite a definite characteristic 
of cast copper-titanium alloys as observed in this work. The diffusion 
zone is quite dark but its outline can be traced. This zone was 
susceptible to etching with 3% nital, being darkened very readily by it. 
A columnar ferritic zone is very evident. This could have been pro- 
duced during decarburization of the sample although the ferritic 
structure does not seem to correspond to the depth of the decarburiza- 
tion present. 

The coatings produced from mixtures containing from 30 to 
37.5% TiH, were in general more uneven than those obtained with 
lower titanium content. This was to be expected since the composi- 
tions were hypereutectic and higher melting point constituents would 
restrict fluidity and spreading. The spreading characteristics, how- 
ever, seemed to be quite satisfactory but a decided tendency for the 
hypereutectic material to segregate and crystallize in thin plates was 
evident. These plates appeared to be oriented normal to the interface 
so that the surfaces showed them standing on edge. In several 
instances these plates were observed to be isolated by themselves with 
no filling in between them. Microexamination showed that these 
plates were microscopically thin yet were foliated and the surfaces of 
these crystals were mirror-like. They appeared to be rather soft and 
were scratched readily with a needle point. With lower titanium 
content coatings the microconstituents displayed a polyhedral habit 
but with the higher titanium content a decided tendency toward 
needle and plate-like formation was evident. Orientation of these 
plate-like crystals normal to the interface may have resulted from a 
similar effect to that observed in casting. Cubic metals have casting 
textures in which a cube axis is the fiber axis oriented normal to the 
mold surface. In this case the mold surface would correspond to the 
surface of the steel sample being coated. Further, it is quite possible 
that the temperature of the steel sample was a little lower than the 
copper-titanium alloy upon its formation, thus a temperature gradient 
would produce a fiber texture and satisfy the premise. The presence 
of hydrogen in the protective atmosphere may have had something to 
do with this particular structure and this possibility cannot be entirely 
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overlooked. The isolated plate-like crystals could have been produced 
from a vapor phase and this possibility cannot be overlooked, although 
the temperatures employed would rule out such a possibility. The 
only justification for deposition of these crystals from a vapor phase 
would be that the alloying between copper and titanium in the presence 
of atomic hydrogen developed sufficient heat to vaporize the titanium. 
This assumption would seem untenable ; however, the manner in which 
the isolated crystals seemed to be arranged suggested a vapor phase. 

The surfaces of the coatings produced were characterized by a 
very high metallic luster and appeared to be quite hard and resistant 
to abrasion ; in fact, a file would not scratch them. Even though these 
coatings contained hypereutectic constituents no spalling or flaking 
occurred such as was evident in those coatings formed by applying 
TiH, in a thin layer on the copper plate. 

The wetting tendencies were still very evident wherever copper 
was available for the copper-titanium alloy formed to follow. How- 
ever, it appeared that the coatings solidified very quickly after their 
formation. This seemed to restrict the spreading qualities so that 
the wetting was not as extensive as previously noted. 

The microstructures of the hypereutectic coatings were generally 
difficult to develop. They would not etch satisfactorily either with 
H,O, in NH,OH or FeCl,. With 0.5% HF considerable staining 
of the microconstituents took place which obscured the structure. In 
general the structure consisted of a buff-colored matrix containing 
white unetched triangular and rod-shaped crystals. The matrix con- 
tained some lamellar grains which were not discernible at low magni- 
fication. FeCl, seemed to color the matrix while the 0.5% HF 
solution seemed to stain the triangular and rod-shaped crystals. 

Fig. 9 shows the coating produced on sample 400 copper plated 
which was treated at 975 C for 25 minutes. The resolution of the 
microconstituents is lacking. This coating was produced from a 
mixture containing 37.5% TiH,. The base metal was not decar- 
burized to any extent, since pearlite can be seen extending right to the 
interface. There was no tendency displayed by the surface alloy to 
diffuse into the base metal. In fact, it appears as if the contained 
carbon in the steel inhibited this action from taking place. From this 
observation it would appear as if titanium has a preference for carbon 
and will combine with it rather than enter into solution with the iron. 
Fig. 10 shows a similar case. This sample is number 402 copper 
plated and treated under the same conditions as sample 400. The 
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coating on it was produced from a mixture containing 36% TiH,. 
The bond between coating and base metal seems to be well established 
although the thin intermediate layer was entirely absent. Unplated 
samples showed a similar trend with the coating at the interface being 
affected to a greater degree than noted in the copper-plated samples. 
This occurred in the form of black particles that could not be resolved 
at high magnification. 


Coatings Obtained With a Powdered 28% Copper-Titanium Alloy 


The surfaces produced by this material were very dull gray in 
color and showed no luster. They were unsatisfactory since they 
were uneven and contained gas blisters. The temperatures required 
to melt the powder were higher than indicated on the tentative copper- 
titanium equilibrium diagram shown in Fig. 1 for this composition. 
The presence of a large number of gas bubbles underneath the coatings 
indicated either solution of hydrogen into the liquid metal or gases 
produced by the reduction of oxides in the powder which were trapped 
in the melt. In either possibility the gases were not expelled and 
resulted in a very undesirable surface condition. The results obtained 
seemed to indicate that the copper-titanium alloy upon being finely 
divided probably suffered some oxidation which would account for 
the higher melting point and also the large amount of gas bubbles 
trapped on melting in the presence of hydrogen. The spreading 
characteristics of this alloy when applied in lump form on copper- 
plated samples also proved very limited and generally unsatisfactory. 

The microstructure of the coatings produced with this alloy 
appeared to consist of a buff-colored matrix with scattered needles of 
a white unetched microconstituent. A large amount of microscopic 
bubbles were in evidence besides the larger ones. 

Microhardness Observations—Microhardness measurements re- 
vealed that the coatings seemed to have unusual hardness character- 
istics. The hardness was found to be mainly due to a white 
microconstituent in the hypoeutectic and eutectic compositions, while 
in the hypereutectic compositions the hardness seemed mainly due to 
the triangular and plate-like crystals, although the matrix of the latter 
compositions displayed high hardness as well. In the hypoeutectic 
and eutectic compositions the reddish matrix generally gave a Knoop 
number of from 225 to 255, and the white unetched microconstituent 
a Knoop number of from 875 to 1080. This wide difference in hard- 
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Fig. 11—Sample 504 (Copper Plated) Coated With Mixture Containing 25% TiHe 
Showing Hardness Impressions. Etch: H,O, in NH,OH (coating). x 100. 3% 
Nital (base metal). 


Fig. 12—Sample 634 (Copper Plated) Coated With Mixture Containing 30% TiH, 
Showing Corrosion. Etch: H.Os. in NH,OH (coating). X 100. 3% Nital (base metal). 


ness between the microconstituents made it rather impossible to arrive 
at a compromise hardness number since no absolutely uniform distri- 
bution of the microconstituents occurred and any concentration of the 
one would show a high hardness while a concentration of the other 
would show low hardness; see Fig. 11. 

In attempting to plot the hardness results, sharp peaks and valleys 
would invariably occur depending on the distribution of the micro- 
constituents, Where these seemed to be rather uniformly distributed 
and in fine dispersion the Knoop number obtained was very nearly 
500 or a Rockwell equivalent of about C-47. As will be noted from 
the microphotographs, the surfaces of the coatings generally showed 
a concentration of the white constituent at that point and a relatively 
high hardness at the surface resulted. A somewhat similar condition 
existed in the case of the hypereutectic structures although the dif- 
ference in the hardness between the buff-colored matrix and the 
rod-like crystals was not as great; see Figs. 9 and 10. The buff- 
colored matrix showed a Knoop hardness number of from 500 to 650, 
while the rod-like crystals gave a Knoop hardness number of from 875 
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to over 1100. A Knoop number of about 750 appeared to be an average 
or a Rockwell equivalent of about C-63. 

The thin intermediate layer present at the interface also seemed 
to have high hardness. Generally the Knoop hardness number 
obtained varied according to titanium content in the coating, with 
the highest hardness obtained with hypereutectic compositions. 
Generally, the unplated samples showed this zone to have higher 
hardness numbers than those that were copper plated. The Knoop 
hardness numbers ranged from about 350 for 20% TiH, mixture 
coatings to 750 for 36% TiH, mixture coatings on copper-plated 
specimens, while for unplated samples the range included 450 for 
20% TiH, to 850 for 36% TiH, mixtures. 

The base metal, except where diffusion had taken place, generally 
showed no hardening and an abrupt decrease in hardness at the 
interface resulted. Where diffusion had occurred a hardening of the 
base metal generally was observed and ranged between a Knoop 
number of 300 and 400. The base metal consistently displayed a 
I\noop number of about 200 or about Rockwell C-10. 

The general disposition of the microconstituents and the relative 
high difference in their hardness naturally predisposed the coatings to 
possess little ductility and therefore to be brittle as a result. The 
results of a series of bending tests on the coated samples of various 
compositions confirmed this. The coated samples ‘were on '-inch 
thick steel and were bent around a 5¢-inch pin. The results showed 
that the coatings were brittle and possessed little ductility, with the 
hypoeutectic and eutectic compositions showing better characteristics 
under bending than the hypereutectic. The greatest internal angle of 
bend obtained was 152 degrees, while the hypereutectic coatings 
showed no ductility whatsoever and the coatings cracked very readily. 
The adhesion of the coatings, however, seemed to be satisfactory and 
little tendency was observed for flaking to occur as a result of the 
bending. 

No attempt was made to anneal these coatings and whether such 
heat treatment would reduce the britleness is somewhat problematical. 
An attempt was made to heat treat a series of coatings by heating them 
at 800 C for 1 hour in a vacuum then quenching them in water. A 
general softening over the original hardness prevailed. However, 
some oxidation of the coatings resulted, due to faulty procedure and 
the results were not conclusive. 

Corrosion Observations—Subjecting a series of coatings formed 
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from the various TiH, mixtures to total immersion for 7 days in a 
10% NaCl solution maintained at 35 C and saturated with air showed 
that in general the coatings were resistant to the solution under the 
conditions. Those coatings that originally had a high luster and no 
porosity seemed to be unaffected in every respect. This was quite 
noticeable in the hypereutectic compositions. The coatings containing 
hypoeutectic and eutectic compositions generally showed good re- 
sistance and showed no appreciable attack except in two cases. Micro- 
examination of these revealed that attack had taken place in the red 
matrix. Apparently a cell had been formed between it and the white 
constituent with solution of the red matrix. 

Wherever the base metal had been exposed through pores it was 
apparently vigorously attacked. In these areas microexamination 
disclosed that the coating was decidedly cathodic with respect to the 
base metal. Fig. 12 illustrates the action. The coating on this sample 
was produced from a 30% TiH, mixture and it showed porosity 
through a patch of isolated crystals without a filling between them. 
The microphotograph plainly shows the cathodic nature of the coating. 

Exposure of the coatings to atmospheric conditions for a period 
of about three months showed a general oxidation of the uncoated 
base metal while the copper-titanium surfaces retained their bright- 
ness and showed no effect of the exposure. 


OBSERVATIONS ON THE STRUCTURE OF COPPER-TITANIUM 
ALLoy COATINGS 


The lack of information on the Cu-Ti system makes the 
analysis of the alloy structures obtained in the coatings somewhat 
speculative and no attempt can therefore be made to discuss these 
structures on a quantitative basis. Some interesting observations, 
however, were made on the alloying habits of titanium with copper 
under the special conditions of treatment. 

In the processes of forming the copper-titanium coatings with 
heat the first phase was the interdiffusion of the two elements, one 
into each other to form a low melting alloy at the point of contact. 
The second phase was the melting of this alloy formed with a rapid 
reaction resulting between the elements still uncombined. The extent 
of solid solubility of one element in another is generally conceded to 
depend on several factors which include: (a) the relative lattice types 
and atomic sizes of the solute and solvent metals, (b) the chemical 
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affinity of one for the other and (c) the relative valency effect. 
Titanium occurs in two allotropic forms, the alpha modification at 
room temperature is hexagonal close packed and the beta form is 
body-centered cubic at 880 C, while TiH, is considered to have a 
fluorite (CaF) structure. With lesser hydrogen content the struc- 
tures change somewhat passing to a zinc-blende structure for TiH 
and to hexagonal close packing for Ti,H. Whether the structure of 
titanium hydride changes with evolution of hydrogen is immaterial 
and only the structure prevalent at the temperature where inter- 
diffusion of titanium and copper takes place is of importance. The 
structure at this point would appear to be that of the beta form or 
body-centered cubic. Copper is, of course, face-centered cubic in 
symmetry. Thus a dissimilar crystal structure exists between the two 
elements. The atom size factor consideration shows titanium and 
copper to differ by about 13% in their atomic radii so that this points 
toward a borderline condition for solubility. Titanium appears on the 
left side of the first long period of the periodic table included in the 
group of so-called transition elements and which are considered 
electropositive. Copper also occurs in the first long period of the peri- 
odic table but is to the right of titanium and therefore electronegative 
with respect to it. Thus a difference exists in the two elements as 
regards their chemical affinity since the more electropositive the 
solute and the more electronegative the solvent, or vice versa, the 
greater is the tendency to restrict solid solubility and to form inter- 
metallic compounds. 

A metal of lower valency tends to dissolve a metal of higher 
valency more readily than vice versa. In the case of copper it dis- 
solves decreasing amounts of a solute as the valency of the solute 
increases. ‘Titanium is generally considered tetravalent and as such 
its solubility in copper therefore can be expected to be limited. Con- 
sidering the reverse of this or the solubility of copper in titanium it 
would appear that even less copper would dissolve in titanium than 
vice versa. The general rule that in a binary system the solubility 
in a higher melting metal is greater than in a low melting metal would 
thus appear to be an exception in this case as well. Thus a strong 
tendency is indicated to form stable intermediate compounds at the 
expense of primary solid solutions. Titanium being strongly electro- 
positive with respect to copper would thus be expected to exhibit this 
tendency. The formation of a stable compound normally restricts 
solid solubility and therefore the solubility limit of the restricted solid 
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solution increases with temperature. This rule seems to be followed 
in the Cu-Ti system since the solid solubility of titanium in 
copper increases from a minimum of about 0.4% titanium at room 
temperature to a maximum of about 4.5% at 878C. A minimum in 
the liquidus curve shows the formation of a eutectic which according 
to Kroll (7) exists at a 24% titanium concentration. According to 
Laves and Wallbaum (6) in copper alloys of low titanium content 
the compound Cu,Ti was formed which had a deformed hexagonal 
structure while a high titanium content produced an isomorphous 
compound CuTi, which was a face-centered structure with 96 atoms 
per cell, apparently a complex phase. The former would correspond 
to an “e” phase with an electron atom ratio of 7:4 while the latter 
with its large cell suggests a “y’” phase although CuTi, does not 
correspond to an electron atom ratio of 21:13 according to Hume- 
Rothery’s rule (12). The crystal structures found in structurally 
analogous phases that seem to follow the “e’’ type show a hexagonal 
close-packed arrangement for an electron atom ratio of 7:4 while the 
“y” type with a 21:13 electron atom ratio shows a cubic complex 
structure. The copper-titanium compounds Cu,Ti and CuTi, seem 
to follow these analogous structures. If these compounds do exist, 
then the equilibrium diagram certainly needs modification to include 
them. The phases present in the microstructures of the copper- 
titanium alloy coatings showed a part of them to be intermetallic 
compounds since these generally are more complex and lower in 
symmetry than their components and therefore exhibit hardness and 
brittleness which is a condition associated with them. 

The structures obtained in the coatings generally showed that 
titanium was quite soluble in copper under liquid conditions but that 
this solubility became sharply reduced upon solidification. In most 
cases a two-phase structure occurred and typified a slowly cooled 
cast structure with the intermetallic compounds appearing as separate 
constitutents in polyhedral form. In hypoeutectic copper-titanium 
compositions a tendency was observed for the alloy formed to display 
dendritic segregation. An example of this is shown in Fig. 13 which 
was taken with oblique illumination to reveal the structure. This 
structure resulted in an attempt to join two OFHC copper strips by 
heating them with titanium hydride applied to the butted ends at a 
temperature of 952 C, then furnace cooling at 550 C and then cooling 
outside the furnace to room temperature. The etched primary 
dendrites and the well-defined white edging appearing at the interface 

















1947 COPPER-TITANIUM ALLOY COATINGS 939 





Fig. 13—Cored Structure of Copper-Titanium Alloy Obtained 


by Heating OFHC Copper and TiHs. X 10, oblique illumination. 
Etch: H,O, in NH,OH. 

Fig. 14—Structure Cast 20% Titanium-Copper Alloy. Etch: 
HO, in NH,OH. X 100. 


between solid copper and the cored alloy appeared to be the same 
phase. The filling, appearing black in the microphotograph, is a 
massive white unetched phase. There is a striking similarity between 
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Fig. 15—Showing Incomplete Eutectoid Formation in Primary Alpha. Etch: very 
light with H.O, in NH,OH. X 500. 

Fig. 16—Showing Eutectoid Background With Massive Beta Phase Plainly Evi 
dent. Etch: very light with H,O. in NH,OH. xX 500. 

Fig. 17—Showing Eutectoid and Network Structure Formed by Precipitation of 
Beta Phase From Primary Alpha. Etch: very light with H.O. in NH,OH. xX 500. 

Fig. 18—Interface Conditions Between Copper and Cored Alloy of Fig. 13. Etch: 
very light with H.O. in NH,OH. xX 500. 
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this structure and that of a hypoeutectic cast iron. Fig. 14 shows a 
very good example of this similarity. This structure is of a 20% 
titanium-copper alloy produced in one of the coating experiments. 
The dark gray corresponds to the austenite while the white massive 
material corresponds to Fe,C. The eutectic structure like that in cast 
iron is not very evident and the reason for this is that the “a” part of 





Fig. 19—Cored Structure of Fig. 13 Showing 3 Phases Present. Etch: 
H,O, in NH,OH; FeCly; 0.5% HF. x 100. 


the eutectic was alongside the primary “a” and therefore was in- 
distinguishable from it. For the purposes of discussion it is advisable 
to assign an identifying symbol to the various phases, thus “a” will 
stand for the solid solution of titanium in copper, “8” for the inter- 
metallic compound Cu,Ti and “‘y” for the compound CuTi,. It is, 
of course, to be understood that this is purely an arbitrary designa- 
tion merely selected for convenience. Thus “a” corresponds to 
austenite and “8” corresponds to Fe,C. 

Primary ‘a’, like its counterpart in austenite, apparently under- 
goes a similar change with the development of a similar structure to 
that of the eutectoid, pearlite. At what temperature this decomposition 
takes place is not known. However, a eutectoid in the copper-titanium 
system is indicated. 

Fig. 15 shows primary ‘“‘a’”’ which has been nearly converted to a 
eutectoid structure, while Fig. 16, at the same magnification, shows 
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the details of the eutectoid background with the massive “8” plainly 
visible. Presumably the “8” phase separating out from primary “a” 
formed on the eutectiferous “f” already present rather than at the 
primary “a’’ grain boundaries. This appears to be a form of pre- 
ferred nucleation or a growth of large nuclei that are present. 

In Fig. 17, a network structure appears in addition to the 
eutectoid. Here the “8” phase apparently was present in rather large 
amounts in the “a’’ and separated out in the form of plates. Since 
lattice matching is quite necessary during nucleation of this phase, the 
orientation of it must be related to the “a” solid phase. The new 
structure chose to appear in the form of plates and thus formed a 
Widmanstatten pattern. A closer look at the interface conditions of 
the cored structure of Fig. 13 shown in Fig. 18 reveals a similar 
circumstance in which the dark gray or “a” contains precipitated 
‘“B” in the form of plates. 

In the cored structure of Fig. 13, etching of the “8” phase with 
0.5% HF solution revealed another phase illustrated in Fig. 19 which 
is believed to be a higher titanium-content compound, possibly CuTi, 
or “y’”. The presence of this phase suggests a peritectic reaction from 
which the “8” phase is derived. Evidence of this phase was also seen 
in the copper-titanium alloy coatings in excess of 30% titanium. 
These structures generally appeared as consisting of a buff-colored 
matrix, probably Cu,Ti plus rod-shaped crystals of CuTi,. These 
rod-shaped crystals were probably plates which would appear as rods 
or needles when viewed on edge. A well-developed eutectic structure 
was almost entirely lacking; however, evidence points to a similar 
structure to that of ledeburite wherever it occurred. 

Influence of Hydrogen—The direct influence of hydrogen and 
the extent to which it may have affected the structures of the alloys 
of the coatings cannot be appraised with any degree of certainty. Its 
presence at a pressure slightly greater than atmospheric certainly 
caused it to be dissolved in the molten metal. Some porosity observed 
in the coatings showed that hydrogen probably had been dissolved 
and had not been expelled during solidification but remained trapped. 
The cored structure of Fig. 13 seemed to contain quite an amount of 
microscopic bubbles. The presence of tiny blisters in the coatings 
was evidence of the solubility of gas in the alloy. Hydrogen also 
probably provided a means of momentary superheating of the alloy in 
the coating during its formation, as will be discussed presently. 

The occurrence of copper-titanium compositions whose melting 
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points apparently were higher than the temperatures employed sug- 
gested that to justify their existence superheating of the alloys formed 
had to occur. This superheating had to be supplied from heat from 
some source during the reaction between titanium and copper. Evi- 
dence of a heat generation within the quartz tube during the experi- 
mental work was obtained in the fact that a suddent slight temperature 
rise was noted on several occasions when the temperature of the 
tube had reached about 880 C. Subsequent attempts to remelt some 
of the coatings at the temperatures employed from their formations 
were unsuccessful and seemed to verify the observation that additional 
heat had been generated. It did not seem reasonable to assume that 
the alloying action between copper and titanium would be exothermic 
nor was the possibility of a thermite reaction probable. However, the 
hydrogen contained in the titanium hydride seemed to offer a possible 
reason for the generation of heat. It is an established fact that a large 
amount of heat is generated when hydrogen atoms unite to form 
molecules. This process takes place readily when atomic hydrogen 
comes in contact with a metal in a suitable condition with the libera- 
tion of about 100,000 calories per gram molecule (2 grams of H,) 
of hydrogen. The conditions for the generation of heat by hydrogen 
when copper and titanium alloyed to form the coatings appeared to 
be in accord with this fact. 

When titanium hydride is heated it liberates the combined hydro- 
gen which is presumably in an atomic form as it evolves. The 
appropriate metallic surface condition for hydrogen atoms to unite 
into molecules apparently occurred when the alloy formed by the 
interdiffusion of copper and titanium started to melt. Once the proper 
metal surface is provided, the available atomic hydrogen can quickly 
be converted to the molecular state releasing heat. The amount of 
TiH, usually contained in the mixtures from which the coatings were 
produced was usually too small to produce much atomic hydrogen 
but the amount of TiH, used as a “getter” was present in sufficient 
amounts to supply a sizable amount. Generally about 50 grams of 
TiH, was used for this purpose and this amount totally dissociated 
could supply a gram molecule of hydrogen with its equivalent of heat. 

The surfaces of many of the coatings which had been produced 
both from the heating of the TiH, in contact with copper plate and 
from mixtures containing more than 28% TiH, appeared as if fusion 
had taken place rapidly but momentarily with little opportunity for 
equalization of the surface by much spreading to take place. This 
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Fig. 20—48-Hour Diffusion of Copper-Titanium Into Armco Iron. Etch: 3% 
Nital. X 10. 

Fig. 21—Hardened Diffusion Zone 48-Hour Diffusion Copper-Titanium Into Armco 
Iron Same as Fig. 20. Etch: 3% Nital. X 100. 

Fig. 22—96-Hour Diffusion 25% Titanium-Copper Alloy Into Armco Iron. Etch: 
3% Nital. X 10. 

Fig. 23—Structure Immediately Below Interface of 96-Hour Diffusion Specimen. 


x 100. 


‘ 
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observation indicated that superheating of the alloy formed must 
have taken place. This, coupled with the fact that it was not possible 
to remelt these coatings at the temperature of their formation, bears 
out the assumption that they could not have been produced without 
the aid of additional heat from somewhere. 


DIFFUSION OF CopPpER-TITANIUM INTO ARMCO [RON 


The results of the experimental work in producing surface 
coatings of copper-titanium alloys on steel indicated a strong tendency 
on the part of the surface alloy to penetrate into the base metal by 
diffusion, upon prolonged heating and when the base metal did not 
contain appreciable amounts of innbiting elements. It was observed 
that when the base metal contained carbon at the interface, diffusion 
of the surface alloy was inhibited as was seen in Figs. 9 and 10. In 
the case of Figs. 3 and 4, diffusion appeared to have taken place when 
carbon seemed to be present only in small quantities. While in the 
case illustrated by Figs. 5 and 6, diffusion had occurred in a similar 
fashion although the appearance of the precipitated phase in the dif- 
fusion zone looked radically different from that of Fig. 4. The 
tendency for diffusion to occur uniformly is evidenced by the uniform 
width of the zones formed. The precipitated phase of Figs. 4 and 6 
could not be determined with certainty. However, it appeared that 
copper and titanium had penetrated into the base metal in the case of 
Fig. 4, but that titanium seemed to be predominant as the diffusing 
element in Fig. 6. 

Since it was observed that diffusion seemed to progress better in 
a carbon-free medium it was decided to use Armco iron for diffusion 
observations rather than a decarburized steel. Consequently, speci- 


mens 2 inches long by | inch wide by % inch thick were prepared. 


One surface was slotted to a depth of '% inch, and by using metal 
pieces across the ends, a receptacle was formed. A powdered mixture 
of titanium hydride and copper was packed into this receptacle and a 
coating formed by heating. This coating constituted the supply of 
the diffusing elements. 

Two experiments were conducted as follows: (a) 48-hour dif- 
fusion run with a coating composed of 6.45 grams containing 30% 
TiH, at an average temperature of 1062C (1945 F). The results 
obtained showed a columnar ferritic band, the upper part of which 
showed as a hardened band 0.021 inch in width, as shown in Fig. 20, 








' 
| 
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taken with oblique illumination. (b) 96-hour diffusion run with a 
coating composed of 15 grams containing 25% TiH, at an average 
temperature of 1102C (2015F). The results obtained showed a 
very deep columnar ferrite band with the upper part as a hardened 
band 0.041 inch in width, as shown in Fig. 22 with oblique illumina- 
tion. Both diffusion experiments were conducted in a protective 
atmosphere of dry hydrogen. The iron specimens were bright annealed 
in hydrogen prior to the diffusion experiments. 

The general structure produced by the prolonged heating of the 
surface alloys of copper-titanium in contact with the iron followed a 
similar pattern to that formed by the diffusion of other metals into 
iron. A columnar band of ferritic crystals resulted in each case which 
started at the interface and extended into the base metal for quite 
some distance. Immediately below the interface a hardened band 
was observed in each case parallel to the interface and uniform in 
width. These bands stood out in relief upon polishing with the lower 
edges appearing as lines of demarcation. Separating the coating 
alloy from the iron a fringe of, presumably, a compound of iron- 
copper-titanium occurred which served to feed the diffusion process. 
The hardened diffusion zones showed a precipitated phase in the 
upper portions that occurred along grain boundaries and within the 
grains themselves, decreasing in particle size with depth. Generally 
the lower half of the hardened zone showed the precipitated phase 
only at high magnification. This phase showed a tendency to drag 
out after etching during subsequent polishing. It showed considerable 
susceptibility to etching with 3% nital as well and was darkened very 
quickly by it, suggesting that this was due to the contained titanium. 

The general structure obtained with the 48-hour diffusion ex- 
periment is illustrated in Fig. 20. The hardened diffusion band with 
its line of demarcation appeared well defined and quite uniform in 
thickness. The columnar diffusion zone likewise appeared uniform in 
depth. Fig. 21 shows a resolution of the hardened zone and clearly 
illustrates the fissuring effect produced by the copper-titanium dif- 
fusion. Some discontinuity of the columnar grains existed above 
and below the boundary line between the hardened and unhardened 
zones although the major grain boundaries seem to persist across 
this boundary. 

The same general structure was obtained in the 96-hour diffusion 
experiment as is pictured in Fig. 22. The hardened zone is thicker 
and the columnar zone is much deeper in proportion to that obtained 
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Fig. 24—-Structure Showing Resolution of Precipitated Phase—96-Hour Diffusion 
Specimen. Etch: 3% Nital. X 500. 


Fig. 25—Boundary Conditions Between Hardened Diffusion Zone and Rest of 
Columnar Zone—96-Hour Diffusion. Etch: 3% Nital. 100. 


in the 48-hour experiment. The heavier, deeper and more pro- 
nounced precipitation at fissure grain boundaries and within the grains 
is illustrated in Fig. 23. A further enlargement of the precipitated 
phase is shown in Fig. 24. The distribution of the precipitated phase 
in the hardened zone suggested the existence of a definite concentra- 
tion gradient within this zone with an abrupt drop at the lower 
boundary line. This concentration gradient was characterized by a 
gradual decrease in the size of the precipitated particles as the lower 
edge of the zone was approached. Once across the line of demarca- 
tion the precipitated phase disappeared from view. This condition 
and sequence is clearly illustrated in Fig. 25. On the upper side of 
the hardened zone boundary a fine dispersal of precipitated particles 
can be seen while below this boundary they are entirely lacking. The 
columnar grains also show unconformities above the boundary line 
although the major grain boundaries seem to persist across the line 
of demarcation. The grains on the upper side seemed to be influenced 
by the fissuring effect exerted higher up. A change of orientation or 
a strong lattic distortion in the hardened diffusion zone as compared 
to the rest of the columnar zone seems to be indicated. 
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Fig. 26—Diffusion of Copper-Titanium Into Armco Iron—96 Hours at Average 
Temperature, 1100 C (2010 F). Slowly cooled. 





Fe-Tt System 


Fig. 27—Iron-Titanium Equilibrium Diagram. 


) Fig. 26 shows data of microhardness measurements and a com- 
| parative plot of copper and titanium concentration that was found 
with depth of diffusion. 

The concentration data were secured by first cutting steps in the 
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diffusion specimen 1% inches long by 11/16 inch wide by 0.265 
inch thick beginning with the interface and continuing through the 
hardened diffusion zone into the columnar zone below. Step number 
2 was 0.005 inch below step 1; step 3 was 0.028 inch below step 2; 
step 4 was 0.033 inch below step 3. The short length of the specimen 
prevented a greater number of steps from being cut, however. The 
information sought was only qualitative so that the results obtained 
were rather limited. However, sufficient data were obtained to indi- 
cate the trend of the diffusion of copper-titanium into iron. The chips 
from the various steps were collected and those chips from cutting 
step 2 and step 4 were analyzed chemically. The steps themselves 
were analyzed spectrographically by sparking. These data were 
collected in the form of ratios based on densitometer readings. The 
chemical results were correlated with the spectrographic analysis to 
arrive at the concentrations of both copper and titanium in the dif- 
fusion structure. 

From Fig. 26 it will be observed that a sharp change in hardness 
values occurred at the boundary line between the hardened and un- 
hardened zones. It was assumed that this sharp change in hardness 
was caused by a corresponding change in concentration of titanium. 
This assumption seemed to be justified by the extremely small tita- 
nium content found below the hardened zone. The role of copper 
does not seem to be exactly clear here except that there is a notice- 
able indication that titanium restricts the solubility of copper in iron. 
The original copper content of the specimen was 0.165% so that an 
increase of 0.065% occurred below the hardened zone, showing that 
copper was able to penetrate iron in spite of the apparent restricting 
influence of titanium. 

To arrive at some possible explanation for the abrupt change in 
hardness and the formation of a hardened zone immediately below the 
interface a glance at the iron-titanium equilibrium diagram shown in 
Fig. 27 shows that the system contains a closed gamma loop, followed 
by a narrow alpha solid solution region and then a large region where 
the iron-titanium compound Fe,Ti and alpha solid solution exist 
together presumably with Fe,Ti as a precipitated phase. The presence 
of an intermetallic compound generally produces hardening effects 
and it appears quite logical to assume that the hardened zone was 
produced by the precipitation of the compound Fe,Ti. This premise 
seems to be borne out by the details shown in Fig. 25. The extremely 
small amount of titanium content found below this hardened zone 
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Fig. 28—Showing Isolated Grains in Lower Part of Columnar Ferritic Zone—96- 
Hour Diffusion of Copper-Titanium Into Armco Iron. Etch: 3% Nital. X 100. 


Fig. 29—Showing Isolated Grains in Lower Part of Columnar Ferritic Zone—96- 
Hour Diffusion of Copper-Titanium Into Armco Iron. Etch: 3% Nital. X 100. 


seemed to indicate that the solubility of titanium in alpha iron was 
indeed limited and much less than indicated in the equilibrium diagram 
shown in Fig. 27. The ferritic columnar structure formed in both 
the 48 and 96-hour diffusion specimens indicated the formation of a 
new phase by diffusion. This phase was, of course, the alpha solid 
solution of titanium in iron. As the temperatures at which the two 
diffusion experiments were conducted should have included diffusion 
of titanium into gamma iron actual evidence of this seemed to be 
lacking or it was not apparent microscopically. With the minute 
quantity of titanium present in the ferritic alpha iron the titanium 
content would be indeed minute in gamma iron. 

X-ray diffraction pictures of samples obtained from the interface 
showed lines belonging to the characteristic body-centered iron lattice 
with practically no change in the lattice parameter from that obtained 
in the original sample. This observation would seem to verify the 
limited solid solubility of titanium in alpha iron. Some extra lines 
appeared on the diffraction pictures that fitted into a hexagonal system 
which would support the existence of the compound Fe,Ti as the 
precipitated phase in this case. No copper lines were observed which 
would indicate that at least a part of the copper had entered the iron 
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Fig. 30—Showing Isolated Grain in Lower Part of Columnar Ferritic 
Zone—96-Hour Ditfusion of Copper-Titanium Into Armco Iron. _ Etch: 
3% Nital. 500. 

Fig. 31—Showing Isolated Grain Remnants Within Columnar Ferritic 
Grains—96-Hour Diffusion of Copper-Titanium Into Armco Iron. Etch: 
3% Nital. X 100. 


in solution and a part probably reporting also in the iron-titanium 
compound. The fissuring effect strongly indicates a definite influence 
of copper in this respect so that it must occur in the iron-titanium 
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compound, probably as a third element to form a ternary iron-copper- 
titanium compound. 

Where the lower extremity of the columnar band merged with 
the equiaxed grains some rather curious outgrowths of the columnar 
formation resulted. Fig. 28 shows isolated grains within the ferritic 
columnar grains that appear as islands. These have apparently 
resisted the ferritic preferred orientation and represent areas in which 
either no diffusion of titanium has occurred or else they represent the 
material included in the gamma loop. A grain can be seen in the 
center of the microphotograph being enveloped by the columnar grain 
above it with its long finger reaching down along the boundary and 
with a small grain nucleating ahead of the finger. On the opposite 
side another grain seems to be started. Fig. 29 shows a similar con- 
dition with incompletely enveloped grains. In the lower left-hand 
corner of this figure an interesting isolated grain occurs within an- 
other grain. This is shown at higher magnification in Fig. 30. It 
will be noted that an Fe,O, inclusion occurs at one corner of this 
isolated grain which may have had something to do with its isolation. 
Fig. 31 shows the lower extremities of well-formed columnar grains 
which contain isolated grain remnants. 


NITRIDING OF 48-Hour DIFFUSION SPECIMEN 


A portion of the 48-hour diffusion specimen shown in Fig. 20 
was cut into a % by % by %-inch sample. The coating which 
supplied the diffusion elements was removed and the interface 
polished. This specimen was nitrided for 24 hours at 523 C in 30% 
dissociated ammonia gas. The specimen, after this treatment, showed 
a nitrided case where the diffusion of copper-titanium had taken 
place. The microsection showed the case to be about one-half the 
thickness of the originally hardened diffusion band of 0.021 inch. 
Some needles were observed near the fissured surface and occurred 
between the fissured grains. The case showed exfoliation which had 
not been apparent prior to microsectioning of the sample. The 
nitrided portion of the diffusion zone seemed to be very hard but 
also very brittle. Penetration of nitrogen was observed also to occur 
laterally in from the sides of the specimen following preferentiatly 
along the lower boundary of the hardened diffusion zone. Immedi- 


ately below this boundary line no hardening effects due to nitrogen 
were observed. 


al 
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Fig. 32—Nitrided Sample of 48-Hour Diffusion of Copper-Titanium 
Into Armco Iron Showing Normal and Lateral Penetration of Nitriding 
Gas. Etch: 3% Nital. X 100. 


Microhardness measurements showed an abrupt difference in 
hardness between the hardened diffusion side of the boundary line 
and the unhardened ferritic zone below: Apparently the lattice con- 
dition of the diffusion-hardened zone, especially along its lower edge, 
seemed to be in such a state of looseness as to allow the nitriding 
gas to penetrate readily. This condition is illustrated in Fig. 32 with 
the dark horizontal line below the center of the photograph forming 
the boundary line between the diffusion hardened zone and the un- 
hardened ferritic zone. The penetration of nitrogen normal to the 
surface of the diffusion zone can clearly be seen and the lateral pene- 
tration from the right side and following the upper side of the bound- 
ary line is also quite evident. It is quite interesting to note that 
although the columnar crystals cross the boundary line they were not 
hardened by nitrogen below the boundary line, nor was any penetra- 
tion by the nitrogen evident below the boundary line. This would 
indicate that titanium had been converted to a nitride in the diffusion- 
hardened zone. The white appearing nitrided material directly above 
the boundary line gave a Knoop hardness number of 890 while directly 
across this boundary the Knoop number obtained was 146, while the 
nitrided portion where penetration of nitrogen was normal to the 
diffusion zone and where exfoliation occurred gave a Knoop number 
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of 1161, while at the zone in between where penetration of nitrogen 
had not reached, a Knoop number of 240 was obtained. The difference 
in hardness between the case parallel to the interface and that at the 
diffusion-hardened boundary is probably due to the lower titanium 
concentration at the latter point. This would then indicate that the 
titanium had been converted to a nitride and that the concentration 
affected the hardness values obtained. The exfoliation was probably 
caused by the growth of the nitrided structure causing a strong out- 
ward force to develop. With the structure quite weak, in this case 
due to the columnar ferrite grains, spalling of the case is an inevitable 
result. Some nitride needles along the surfaces of the sides of the 
sample were observed but no appreciable hardening of the iron and 
no hard case was formed outside the diffusion-hardened zone. 


SUM MARY 


(a) Metallic coatings were formed on copper-plated steel by 
heating a thin layer of TiH, in contact with the copper to a minimum 
temperature of about 900 C (1650 F) in a protective atmosphere of 
pure dry hydrogen. The resulting coatings had a surface of high 
metallic luster, a silver color and a dense texture. They were hard 
and showed brittle skin tendencies by flaking. The surface charac- 
teristics were difficult to control due to the tendency of titanium to 
form high-melting and brittle compounds with copper which retarded 
spreading of the alloy formed. 

(b) Metallic coatings were produced by heating intimate mix- 
tures of copper powder and powdered titanium hydride spread in a 
layer on both copper-plated and unplated steel samples. The mixtures 
containing from 20 to 28% TiH, gave satisfactory results with 25% 
TiH, content being the best. This composition being nearly a eutectic 
displayed the best spreading characteristics when applied to copper- 
plated samples and showed decided wetting tendencies. This wetting 
tendency was lacking in the unplated samples although satisfactory 
coatings were produced. 

(c) Coatings were produced by melting a powdered precast 28% 
titanium-copper alloy spread thinly on copper-plated and unplated 
samples. These coatings displayed evidences of sluggish spreading 
characteristics and large amounts of entrapped gas in the form of 
blisters, causing uneven surfaces. 

(d) Structures of the coatings showed as a cast type with a 
close resemblance to that of white cast iron with a chilled surface 
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skin. Hypoeutectic copper-titanium compositions showed tendency 
toward dendritic segregation. Hypereutectic compositions showed a 
tendency for one phase, presumably the higher titanium content com- 
pound, to crystallize in the form of plates normal to the surface. 
Eutectic structure was generally ill defined and it resembled closely 
one that looked like ledeburite when it occurred. 

A eutectoid similar to that of pearlite was observed in the alpha 
solid solution of titanium in copper. The transformation temperature 
of this was not determined. 

Evidence points toward a peritectic reaction which generates a 
lower titanium content copper compound on the order of Cu,Ti from 
a higher titanium-copper compound CuTi,. 

(e) Hardness measurements showed that a white unetched 
microconstituent, presumably a copper-titanium intermetallic com- 
pound, produced the hardness observed in the coatings. A _ high 
difference was found between the primary solid solution and the 
intermetallic compound. Brittleness also was caused by the presence 
of this constituent. Bend tests conducted on coatings revealed that 
hypereutectic compositions showed no ductility and near eutectic ones 
showed limited internal angles of bend. The best internal angle of 
bend obtained was 152 degrees. 

(f) Diffusion experiments showed that copper and titanium 
diffused into iron with production of a hardened zone within a 
columnar ferritic band. The boundary between the hardened zone 
and the unhardened columnar zone was characterized by a sharp drop 
in hardness and in titanium concentration as well, suggesting the 
hardening agent to be a precipitated iron-titanium-copper compound. 
The solid solubility of titanium in alpha iron was found to be quite 
small, 0.03%. A decided fissuring effect, characteristic of copper, 
occurred in the upper part of the hardened zone. 

(g) The hardened diffusion zone was found to nitride while the 
unhardened ferritic zone appeared unaffected. A difference in hard- 
ness in the nitrided zone indicated that a lower titanium concentration 
produced less hardness as this ranged from a Knoop hardness number 
of 1161 near the surface of the 48-hour copper-titanium diffusion 
specimen to 890 at the boundary line. 
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CAST HEAT RESISTANT ALLOYS OF THE 16% 
CHROMIUM-35% NICKEL TYPE 


By Howarp S. AvERY AND NorMAN A. MATTHEWS 


Abstract 


The “HT” -type cast alloy is described in detail, with 
data covering mechanical properties at room temperature, 
as cast and after aging at 1400 F ; elevated temperature 
strength and ductility from i 400 to 2200F (760 to 
1205 C); stress-rupture properties; creep strength from 
1400 to 2150 F (760 to 1175C); suggested working 
stresses; magnetic permeability ; thermal expansion; elastic 
modulus at 1400 to 1800 F (760 to 980 C); resistance to 
carburization and hot gas corrosion; and the effect of 
temperature fluctuations on creep rates. 

The relationship between yield strength and hindered 
contraction stresses is indicated and discussed in connec- 
tion with thermal fatigue, with a hypothetical description 
of tts mechanism. 

These data are-correlated with those from another 
parallel research program, which also provides information 
on hot gas corrosion resistance, Charpy impact strength, 
hot hardness and melting ranges. 

Pertinent comparisons with the “HH” (26% Cr- 
12% Nit) alloys are included to differentiate their 
characteristics and permit choice between them for high 
temperature service. 


EAT resistant alloys of the “HT” type, with the nominal 

composition of 16% Cr and 35% Ni, are one of the first two in 
tonnage and importance of the cast Cr-Ni-Fe grades employed for 
high temperature service. They are widely used under carburizing 
conditions and for parts that are subjected to alternate heating and 
cooling. The related “HU” type, nominally 18% Cr-38% Ni, has 
similar properties with added hot gas corrosion resistance. 

There is a dearth of metallurgical literature about the creep 
strength of these alloys and of explanations why they are superior to 
others for certain kinds of service. The purpose of this paper is to 

A paper presented before the Twenty-eighth Annual Convention of the 
Society held in Atlantic City, November 18 to 22, 1946. Of the authors, Howard 
S. Avery is research metallurgist, American Brake Shoe Co., Mahwah, N. J., 


and Norman A. Matthews is works metallurgist, Electro-Alloys Division, 
American Brake Shoe Co., Elyria, Ohio. Manuscript received June 22, 1946. 


957 





TRANSACTIONS OF THE A. S. M. 


Tensile Strength, |OOO psi 


R 
o- 


Reduction of Area, % 


Elongation 


Elongation, % 


0 SSS re Curve 4 


@) 500 1000 1500 2000 2500 
Temperature F 


Fig. 1—Effect of Temperature on Tensile Properties of Cast 
Iron-Chromium-Nickel Alloys (3). 
-———_ Chemical Composition, % ————, 
Curve Cr. Ni -C Si Ma -? S 
ee ee: GOO nes: Ane cease So Type composition 
Roe ee” ewe sn ewer BeRw es Type composition 
14.95 35.55 0.50 1.52 0.70 0.045 0.04 Al 
20.0 B.C 61.20 ... 1.2 «+++ «++ 1.0 Type composition 


8.0 
1.0 0. + sss sees «++ Cu Type composition 
0.7 . 0.8. Typical analysis 


present data that will provide at least base line properties covering 
the temperature range of maximum usefulness and will permit a 
ratiorial selection of the alloy for service in which its characteristics 
indicate suitability. Pertinent comparisons with the popular 26% Cr- 
12% Ni grade (A.C.I. Designation: “HH”), which has been 
previously described (1), (2),? are included. As the “HH” type is 
less expensive, it is important to recognize the conditions where the 
“HT” alloy promises superior performance. 

Pilling and Worthington (3) have reported hot tensile test data 
on a wrought 0.10% C-16.1% Cr-36.5% Ni alloy, a cast 0.50% C- 
15% Cr-35% Ni, and a rolled 0.52% C-19.6% Cr-39.5% Ni grade 
(Figs. 1, 2, and 3). They note that cast alloys have received little 
study. This type is mentioned as a commercial grade for carburizing 
containers and general structural purposes. Design stresses (Table I) 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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Fig. 2—Effect of Temperature on Tensile Properties of High 

Nickel Content Alloys (3). 

Chemical Analysis, %—————_—_, 

Come C§o NO COU CMe) 62 S Heat Treat. 
1 10.20 34.50 0.29 0.03 1.10 0.028 0.034 As rolled 
2* 16.1 36.5 0.10 0.05 1.3 
3* 15.9 60.3 0.14 0.09 a 
4 11.7 65.05 0.29 0.87 1.80 0.018 0.050 Fe W.Q. 

5 19.04 79.7 0.09 0.10 12 0.88 As rolled 
6* 19.8 bal. 0.1303 2.3 .... sa 





*Typical analysis. 


show a wide range and are presented without substantiating creep data. 
Fahrenwald (4), (5) gives a variety of data on a 17% Cr-35% 
Ni alloy, including ultimate strength versus temperature with a 


variation from 100,000 psi at 32 F to 19,000 psi at 2000 F; thermal 
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Fig. 3—Effect of Temperature on Creep Stress of Iron-Chromium-Nickel 
Alloys (1% per 10,000-Hour Basis) (3). 
Chemical Analysis, % ———————_, 


pennant 
Curve Cr Ni C a6 6©Ma =P S Cu 


Heat Treatment 


1 13.22 0.14 0.11 0.30 0.45 0,020 0.028 ... 

2 20.5 «++ 0.28 0.17 0.38 0.026 0.013 0.98 1830 F water; 1200 F 
3 26.94 0.51 0.20 0.36 0.80 0.025 0.019 

4 6.37 19.01 0.14 1.09 0.43 0.017 0.023 

5 18.11 8.12 0.09 0.43 0.38 0.026 0.030 

6 18.10 23.4 0.21 2.96 0.53 1.26 wees oes Annealed 

7 11.12 35.9 0.28 0.003 1.45 0.032 0.027 ... 1650 F Annealed 

8 24.90 19.67 0.12 0.76 0.53 0.008 0.026 ... 

9 27.52 22.50 0.59 2.22 0.32 .... «soe +2 Fe 

10 18.8 76.0 0.31 0.27 2.79 .... .... 0.66 0.80 1900 F Annealed 


expansion coefficients from 7.7 x 10° per degree F at 32F to 
11.7  10-® at 2000 F; specific heat from 0.106 at 32 F to 0.182 at 
2000 F ; thermal conductivity of 120 btu/sq. ft/in./hr./F at 70F; 
an average emissivity at temperatures up to 1300 F of 0.25 for bright 
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Table I 
Suggested Design Stresses for 16% Cr-35% Ni Alloys 


(Stress in Psi) 


————_Temperature—_—_—_—___, 

1400 F 1600F 1800F 2000F Reference 
A ASTM-ASME—1931 5000 2000 600 300 (3) 
B ASTM-ASME—1931 1800 750 290 140 (3) 
C ASTM-ASME—1931 2500 1700 1250 1250 (3) 
D ASTM-ASME—1931 4500 2000 500 160 (3), (4) 
Wilcox—1935 sat 760 300 140 (7) 
Metals Handbook—1939 3600 1500 400 100 (11) 
Suggested in this paper 3900 2500 1000 240 


Temperature F 
900 1100 1300 1500 1700 1900 














The numbers on each curve 
refer to the alloys thus 
designated in table 


| 


Fig. 4—Elevated Temperature Strength of “HT’’ Type Alloys as Sum- 
marized by Stanbery in Metals & Alloys, September 1933. 
Composition 

. 11% Cr, 35% Ni, 0.289% C, 0.34% W 
. 13% Cr, 35% Ni, 0.32% C 

15% Cr, 35% Ni, 0.50% C 

- 15% Cr, 35% Ni 

17% Cr, 40% Ni, 0.40% C 

-. 16% Cr, 36% Ni, 0.60% C 

. 19% Cr, 40% Ni, 0.95% C 

. 27% Cr, 35% Ni, 0.11% C 

. 31% Cr, 33% Ni, 0.26% C 

. 46% Cr, 50% Ni, 0.24% C 


ne 
SOON AMNS whe 


and 0.75 for oxidized metal; and an air oxidation rate of 0.01 inch 
per 100 hours (0.9 inch per year) at 2300 F. The sources of these 
data are obscure and descriptions of experimental techniques are 
generally lacking. 

Stanbery (6) approximately defines the type composition as 
0.30 to 0.50% C, 15 to 20% Cr, and 35 to 45% Ni. He gives the 
expansion coefficient as 11.0 & 10-° per degree F from 1000 to 2100 F; 











962 TRANSACTIONS OF THE A. S. M. Vol. 38 


the weight as 495 lIbs./cu. ft. or 0.288 Ibs./cu. in.; and the thermal 
conductivity of 35% that of 0.20% C steel. His summary of hot 
strength data appears as Fig. 4. 

Wilcox (7) in describing the 29% Cr-9% Ni alloy gives short- 
time tensile strength and recommended design stress values of 15% 
Cr-35% Ni for comparison, with the remark that the high tempera- 
ture characteristics and design values of 28% Cr-10% Ni are only 
slightly lower than those for 15% Cr-35% Ni (Fig. 5). (This gen- 
eralization should be accepted with extreme caution, as the “HE” 


Ultimate Strength 
Design Stress, / 


™ 
uo 


Design Factor: 
Ultimate Strength 
Design Stress 


Tensile Strength, |\OOO psi 
° 
Design Stress, |OOpsi 
Design Factor 





1500 1600 !I700 1800 1900 500 i600 1700 I800 1900 2000 
Temperature F 


Fig. 5—Design Stress Values and Hot Tensile Strength of ““HT”’’ and “HE” 
Types of Heat Resistant Alloys as Given by Wilcox in Metat Procress for 
May 1935 


and “HH” alloys involved cover a very wide range of properties. It 
is approximately true only if the “HH” alloy is properly balanced 
to produce a stable austenite. ) 

During the past nine years, close contact through committee 
action has been maintained with the research program sponsored by 
the Alloy Casting Institute at Battelle Memorial Institute under the 
direction of Dr. O. E. Harder and Mr. J. T. Gow. The 16% Cr- 
35% Ni alloy has received considerable attention recently. Detailed 
reports, which are useful supplements to the original data reported 
herein, are available only to members of the A.C.I. but summaries 
of important results have been published (2), (8), (9), (10), (12), 
(20) and where pertinent have been included in the text of this paper. 


1947 HEAT RESISTANT ALLOYS 963 


Casting for Tensile and SSR Tests Tensile Test Specimen 








SSR Test Specimen 3¢ 
i) 
7 o 
/32 a | 
ple 
I"to ; ; 
1 Ye" 3/4"4 


Fig. 6—Heat Resistant Alloy Test Castings and Specimens. 


EXPERIMENTAL PROCEDURE 


The data herein are part of those obtained during a broad 
program of research on the cast heat resistant alloys, which has been 
in progress for about 12 years.2 Creep and stress-strain-rupture 
tests, which require careful and critical control to obtain consistent 
and reproducible data, have followed in general the previously 
described procedures (13) as standardized at the American Brake 
Shoe Company Metallurgical Laboratory. The test specimens and 
the castings from which they are obtained appear in Fig. 6. The 
patterns were developed after considerable experiment to produce 
sound cast bars. The 10-inch bar design was subsequently adopted 
as standard for ASTM B-4 specification B190-44T and for Alloy 


_®This program was originally sponsored by the American Manganese Steel Company 
while a subsidiary of the American Brake Shoe and Foundry Company, and at present is 
co-ordinated with the production practices of the Electro-Alloys Division and the American 

anganese Steel Division of the American Brake Shoe Company. Organizational consolidation 
has not affected the continuity of the research. 
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Casting Institute work. The stress-rupture tests are usually made 
on the 5-inch bar with a 2-inch gage length, while long-term creep 
tests employ the 4-inch gage length that doubles the precision of 
measurement. There is also a distinct advantage in having the threads 
of the specimen on the long bar outside of the hot zone of the furnace 
at temperatures above 1800 F (980C). 

With the exception of the commercial basic arc furnace heats, 
which are so designated, the alloys were made by conventional in- 
duction furnace practice in the Experimental Foundry of the American 
Brake Shoe Company. Most of them were made with the same 
equipment and procedure as the alloys supplied for the hot gas 
corrosion test program (20), (21) of the Alloy Casting Institute, 
which permits correlation of oxidation and mechanical test data 
without complications from different production variables. 

The basic direct afc furnace specimens were obtained from com- 
mercial production heats in the American Manganese Steel Division 
foundry at Chicago Heights, Illinois, or the Electro-Alloys Division 
foundry at Elyria, Ohio. 

The thermal expansion data were obtained with the dilatometer 
described by Flinn, Cook and Fellows (14) qn flat, 4-inch gage 
length specimens heated in one of the furnaces used for creep testing. 

Laboratory carburizing experiments were made with 7%-inch 
diameter by 2%-inch long specimens pack carburized at 1800F 
(980 C) ‘in small heat resistant alloy boxes. Estimates of carburiza- 
tion were obtained from microscopical examination of cross sections, 
weight gain, diameter increase, and carbon determinations on succes- 
sive lathe cut samples. The carburizing agent was renewed for each 
24-hour carburizing cycle. 

Some low carbon 16% Cr-35% Ni alloys were also field tested 
in an industrial carburizing environment. The specimens, in the 
form of 1 by 1 by 2-inch blocks, were welded to the bottom surface of 
carburizing box tops, and underwent a total of 1500 hours inside the 
boxes, presumably in contact with the carburizing compound and 
certainly exposed to carburizing gases, while heated to approximately 
1775 F (970C). Carburization was evaluated by microscopic 
examination. 

These same low carbon alloys were exposed intermittently, as 
similar blocks, in an industrial heat treating furnace at 1940F 
(1060 C). Oxidation was evaluated by periodic measurements of 
thickness. 
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Another group of specimens from the heats supplied for the 
A.C.I. hot gas corrosion test program were similarly exposed in a 
furnace controlled at 1940 F (1060C). These permit direct com- 
parisons of data from the two programs. 

The hindered contraction tests were conducted by heating a 
specimen 16 by %-inch diameter with a 0.505-inch diameter by 1-inch 
long gage length to a high temperature (using conventional hot 
tensile test equipment), applying a small load to remove any slack 
in the system, and then slowly cooling the test bar. The unrelieved 
stress characteristic of each temperature during the cooling period 
appears on the load indicator of the machine and is plotted as in 
Fig. 20. 

Magnetic tests were made in a special permeameter described in 
AIME T.P. No. 1443 (13), employing machine ground 1.00-inch 
long by 0.250-inch diameter specimens and a magnetizing force of 
24 oersteds. The short, straight specimen, which was adopted to 
permit sampling the gage length of tested creep bars, militates against 
obtaining correct absolute values at high permeability levels. Near 
unity the data are believed to be dependable; above Mu = 2.0, they 
should be considered as relative. 


COMPOSITION 


The “HT’’ alloys range from 13 to 17% Cr and 34 to 37% Ni. 
The “HU” grade covers 17 to 21% Cr and 37 to 40% Ni. There is 
as yet no clear evidence that variations within the extremes established 
by both of these ranges, or of manganese between 0.50 and 1.25%, 
exert any serious effect on mechanical properties or elevated tempera- 
ture strength. In contrast, carbon and silicon exert important effects 
and must be carefully considered in the specification and utilization 
of these grades. 

Chemical behavior, especially in hot gases, does not follow the 
same pattern. Chromium is the most potent protective element, with 
nickel contributing about one-third the same influence (on a weight 
percentage basis) in oxidizing atmospheres. In the presence of 
appreciable hydrogen sulphide, nickel is ineffective and may be a 
liability. Carbon content is apparently not critical, while silicon 





_ ..*The Alloy Casting Institute designations are coded as follows: (a) The initial letter 
indicates service; “‘H” for heat resistance and “‘C”’ for corrosion resistance; (b) The second 
letter represents the specific type, such as “HH” for 26% Cr-12% Ni, “HT” for 16% Cr- 
35% Ni, “HU” for 18% Cr-38% Ni, “HW” for 12% Cr-60% Ni, etc.; (c) Numerals 
following the letters imply the midpoint of a 0.10% C range.- For specific heats in this paper 
they indicate the actual carbon content in hundredths of a per cent. 
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tends to reinforce the protective effect of chromium. Silicon also 
confers resistance to carburization. Nickel probably exerts a similar 
but lesser effect, perhaps operating in opposition to the carbide- 
forming tendencies of chromium. 

Usual foundry production will fall within the limits: 


C, % Mn, % Si, Ye Ni, % Cr, % 
0.35 2.0 2.0 33 13 
0.75 max. max. 37 17 


which are being considered for a tentative ASTM specification. The 
similar “HU” grade differs only in chromium and nickel. There is 
some tendency to merge the two grades and to produce within an 
intermediate specification. 

The distinct role of nitrogen in this alloy has not been established 
but it is undoubtedly of considerably less importance than in the 
26% Cr-12% Nialloy. The “HT” alloy is stably austenitic by a wide 
margin, whereas the “HH” alloy may be shifted from a stable 
austenite to a partially ferritic alloy by variations in nitrogen content. 
The usual range of nitrogen is from 0.02 to 0.06% in commercial 
practice and thus, assuming potency equivalent to carbon, may be 
neglected as a variable. 

The latitude in carbon should not be accepted as assurance that 
properties do not vary appreciably within the 0.35 to 0.75% limits. 
Room temperature ductility is particularly affected. Manufacturers 
work to closer limits within this range when applications require 
specific properties. However, other variables, such as pouring tem- 
perature and cooling rate, sometimes overshadow the effect of carbon 
on elevated temperature properties. 


Room TEMPERATURE MECHANICAL PROPERTIES 


Carbon exerts a pronounced influence on ductility at ordinary 
temperature, as shown in Fig. 7. The corresponding as-cast tensile 
strength varies little, any definite trend being masked by the normal 
experimental errors. An ultimate strength of 70,000 psi + 5000 psi 
is probably representative. The Brinell hardness range is about 
150 to 185. | 

Aging of even the low carbon compositions at temperatures that 
permit carbide precipitation will develop a moderate increase in 
tensile strength and a drop in ductility (Fig. 7). This has no estab- 
lished significance for industrial utilization other than to indicate the 
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Fig. 7—Tensile Properties of 15% Chro- 


mium-350% Nickel Alloys. As cast and aged 24 
hours at 1400 F (815C). 


-- Composition Range, % — 

Mn i Ni Cr N 
American Brake 0.67 1.17 34.4 15.9 0.03 
Shoe Co. 0.83 1.43 35.0 16.5 0.05 
C5. 0.60 0.53 29.9 14.4 0.02 


1.11 2.26 40.8 19.1 0.08 


mechanism of a slight dimensional change. Contraction accompanies 
carbide precipitation. If high dimensional precision at a single 
elevated temperature is required it is advisable to age at this tempera- 
ture before putting castings in service. 

Ductility after aging has been used as an acceptance test for the 
26% Cr- 12% Ni alloys, with designation of two grades, having 4 and 
9% minimum elongation after 24 hours at 1400 F (15) respectively. 
The 9% elongation material is intended as the premium grade. The 
16% Cr-35% Ni alloys in the commercial carbon range would not 
meet this requirement, yet they are considered better for severe 
service where cyclic heating, hindered thermal contraction, and asso- 
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ciated thermal stresses are serious. This suggests a critical re- 
examination of the merits of tensile test ductility after aging, which 
has the disadvantage of a negative correlation with creep strength (1). 

The tensile data as shown here do not differ much from those of 
substantially austenitic 26% Cr-12% Ni alloys, though the latter are 
usually somewhat stronger as cast. Both have adequate strength and 
toughness for handling, fabrication; and performance at room tem- 
perature in appropriate applications. They differ at elevated 
temperatures, however. 

There is a trend toward greater yield strength as carbon increases, 
which may be seen in Fig. 7 and in Tables II and III, which are 
condensed summaries from A.C.I. work, the values being generally 
reported to two significant figures. 


ELEVATED TEMPERATURE STRENGTH AND DUCTILITY 


Hot strength on a short-term basis may be evaluated by hot 
tensile tests, stress-rupture tests, or by an experimental hindered 
contraction procedure. The last two have been used in this work 
as they are believed to more closely represent service conditions, 
which seldom involve a load that increases steadily until fracture 
occurs as in the conventional tension test. The effect of temperature 
on short-time tensile properties appears in Table IV. 

A standardized load in the neighborhood of the yield strength 
will permit the same comparison of ductility as tensile tests, though 
the values are usually lower. In addition, creep rate and fracture 
time data are obtained for plotting with other stress-rupture and 
creep tests. For comparison purposes, the values of 20,000 psi at 
1400 F (760C), 10,000 psi at 1600 F (870C), and 6000 psi at 
1800 F (980 C) have been selected. 

In Table V, the effect of carbon on both the 16% Cr-35%Ni and 
26% Cr-12% Ni alloys is shown at two temperatures. The 26% Cr- 
12% Ni alloy becomes more brittle at 1400 F (760 C) above 0.40% C 
and at 1800 F above about 0.45%. The transition from partially 
ferritic to wholly austenitic structure occurs at about 0.43% C in the 
26% Cr-12% Ni series given (1). If other composition changes are 
invoked to stabilize austenite, such as increased nickel or decreased 
chromium, the point at which 16% Cr-35% Ni hot ductility becomes 
greater may be around 0.30% C or below. (A 0.32% C ferrite-free 
24% Cr-13% Ni alloy exhibited 15.5 hours’ life and 3.5% elonga- 
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tion at 1400 F with 20,000 psi; and 13.4 hours with 9.0% elongation 
at 1800 F with 6000 psi.) 

The occurrence of high ductility above 1400 F thus appears to 
depend on the presence of ferrite in 26% Cr-12% Ni. In the absence 
of ferrite, there is a definite lowering of elongation as carbon increases, 
while the 16% Cr-35% Ni alloy, in sharp contrast, shows the opposite 
trend. This absence of a negative correlation between carbon content 
and hot ductility for the latter alloy is noteworthy ; it does not parallel 
the room temperature behavior and is a significant point of superiority 
over 26% Cr-12% Ni. As most of the carbon is in combination as 
chromium carbides and not in solid solution in the austenite matrix, 
it is possible that the mechanism involves lowering the matrix 
chromium content. This cannot be done by direct composition control 
without impairing oxidation resistance. 

The relation between carbon and hot ductility has an important 
bearing on behavior under carburizing conditions. Austenitic heat 
resistant alloys in the form of muffles, retorts, boxes, etc., absorb 
carbon much more slowly than the ferritic steels being processed in 
them, but eventually they will carburize deeply to about 2% carbon. 
There is some field evidence that ultimate failure of 16% Cr-35% Ni 
alloys, if sound and not overstressed by static loading, is associated 
with attainment of approximately this carbon level throughout the 
cross section of a casting. Brittleness without high élastic strength 
confers vulnerability to stresses induced by thermal gradients, which 
are.common under the cyclic heating condition of heat treating and 
carburizing practice. From Table V, it is reasonable to conclude 
that such vulnerability occurs much earlier in the life of a 26% Cr- 
12% Nialloy part. This, together with equal or greater tendency to 
absorb carbon, as will be shown later, explain its unsuitability and 
the generally acknowledged superiority of 16% Cr-35% Ni for car- 
burizing service. 

For convenience, the A.C.I. tensile test data at 1600 and 1800 F 
are assembled in Tables II and III and the corresponding stress- 
rupture data in Table VI. The tensile values for the first nine heats 
are averages from four individual tests; the over-all average of them, 
representing a survey of commercial production in 1937, appears in 
Table VII. 

The short life and high creep rates of alloys below 0.35% C are 
noteworthy, justifying the recommendation that this be the com- 
mercial minimum for alloys to be used at elevated temperatures where 
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Table IV 
Effect of Temperature on Tensile Properties* 


————. Composition, % = ———____—____, 
i Ni 


Cc Mn i Cr N 
0.33 0.60 1,29 35.8 16.3 0.04 


Ultimate 

Temperature Tensile Strength Elongation Reduction in Area 

F G psi % in 2 in. % 

80 26 68,750 14.0 18.9 
1400 760 34,800 13.5 18.5 
1400 760 34,380 13.5 20.4 
1472 800 27,560 17.5 29.3 
1600 870 19,350 26.0 42.3 
1600 870 18,200 27.5 35.0 
1670 910 15,100 25.5 40.2 
1800 982 10,850 19.0 40.3 
1800 982 10,700 23.0 31.4 
1905 1040 8,020 30.0 33.2 
2000 1093 5,720 37.0 45.1 
2282 1250 2,970 42.5 65.7 


*The rate of load application strongly influences elevated temperature test results. 
These data were obtained with loading corresponding to a free crosshead speed of 0.03 inch 
per minute. The specimens were held at temperature an hour before loading. Approximate 
yield strength values were obtained but are not reported here as the data in Table V are 
considered more useful. 
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Table V 
Comparative Stress-Rupture Properties 


16% Cr-35% Ni (HT) and 26% Cr-12% Ni (HH) Alloys 
——————Comppasition, % 
Cc Mn Si Ni Cr N Structure 
26% Cr-12% Ni Series 
0.42 11.4 26.5 
0.45 11.3 26.1 
0.47 11.4 26.4 
0.48 11.4 26.3 
16% Cr-35% Ni Series 
1.28 34.9 16.0 
1,19 34.8 16.0 
1,17 35.0 16.2 
1.23 34.9 16.0 
1,22 34.7 16.4 
1.27 34.8 15.9 
1,29 34.6 16.1 
1.26 
1.17 


Partially Ferritic 
Partially Ferritic 
Wholly Austenitic 
Wholly Austenitic 
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Austenitic 
Austenitic 
Austenitic 
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Austenitic 
Austenitic 
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‘ 34.7 16.5 Austenitic 
34.6 16.2 Austenitic 


1400 F—20,000 _ 1800 F—6000 ps: 
Life in Hours Elong.—% Life in Hours Elong.—% 
16-35 26-12 16-35 26-12 16-35 26-12 16-35 26-12 
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strength is an important factor. The decrease in strength as silicon 
is raised (alloys D-20, D-21, and D-22) is also significant. This trend 
is frequently encountered in experimental work with both 16% Cr- 
35% Ni and 26% Cr-12% Ni alloys, though it is usually less 


Table VI-A 
Summary of A.C.I. Stress-Rupture Data on “HT” Alloys 


Specimens Supplied From Commercial Production 
ged 48 Hours at 1600 F Before Testing 


———"Stress-Strain-Rupture Properties, 
g= 1600 F—12, 000 psi ~ ¢= 1800 F—7000 psi ~ 

Min Min. 
Cunap Red. Creep Red. 
Heat -——Chemical Analysis, %——~. Life Rate Elong. Area Life Rate Elong. Area 
No. C Mn Si Ni Cr N Cu Ors. @/Hr. % % Hrs. %/Hr. % % 


ZG 0.10 0.75 1.59 34.0 15.7 0.04 ... 0.14 12.0 28 a7. 1438 8 12 
U 0.17 0.60 0.53 37.1 17.6 0.02 ... 0.8 8.1 10 oe: Laas 13 16 
N 0.19 1.11 1.41 38.1 18.5 0.04 1,1 7S 17 6... B2-~ O28 15 27 
R_ 0.33 1.00 1.34 36.2 15.3 0.03 4.2 1,1 18 44 87 0.4 9 27 
ZB 0.39 1.06 0.66 34.8 16.7 0.08 8.1 1.2 22 40: 38°: 18 18 23 
ZD 0.39 0.77 1.39 35.1 19.1 0.04 4.2 1.8 20 20 FR She 15 20 
Z 0.40 0.71 1.95 29.9 16.8 0.05 ... 5.3 2.0 21 20 318: Cie 9 22 
O 0.46 0.97 1.31 37.1 15.9 0.04 0.23 15.0 0.42 15 33 13.0: =~GOS 5 9 
T 0.50 0.65 1.94 32.2 17.7 0.04 ... 11.0. 0.55 14 16 30.0 0.04 6 11 
S 0.53 0.74 1.09 36.3 15.4 0.06 ... -0.42) 0.05 6 17 96° 6.39 9 20 
Y 0.57 0.94 1.30 35.1 18.0 0.06 11.0 0.76 17 29 49 328 27 32 
ZC 0.59 0.88 1.77 34.8 15.9 0.06 ... 4.2 4.5 28 42 5.8 1.6 19 23 
W 0.66°0.76 1.34 37.1 15.6 0.05 1.36 6.1 1.8 24 8 .33 °.2.2 16 30 
M_ 0.70 0.84 1.72 35.6 16.3 0.03 ... 8.2 1.2 19 oe a4 RS 13 17 
ZF 0.78 1.05 1.54 36.9 16.8 0.03 0.23 7.5 1.5 20 33s. 4.2: 34 30 34 
ZE 0.88 0.97 2.26 33.4 18.5 0.02-... 2.2 7.7 27 ae eee FC 19 17 
B- 0.41 0.71 1.59 35.0 14.9 0.03 3.0 ~ 15 22; ae ae 17 31 
L 0.58 0.92 1.31 34.4 17.3 0.08 3.1 5.5 27 43° $2 . 2.7 26 43 
K 0.84 1.03 1.95 40.8 14.4 0.03 2.4 7.5 26 43 1.8 12.0 39 50 





prominent in short-time tensile tests. The effect does not always 
occur, and some data support the idea that it diminished for long-term 
creep tests on “HT” alloys. Studies are in progress on this; the 
current conclusion is that silicon probably will decrease high tempera- 
ture strength. Additional data appear in Table X. 


CREEP STRENGTH 


The creep strength of the 16% Cr-35% Ni alloys has been 
established with reasonable accuracy over the range from 1400 to 
2000 F The Alloy Casting Institute data have been obtained chiefly 
at 1600 F, though 1800 F tests are in progress. The 1600F results 
provide a survey of Cr and Ni variations on the base alloy. As carbon 
content has been included as a variable in the American Brake Shoe 
Company program it is probable that the values in Fig. 15 are 
representative of commercial production that is under good tech- 
nical control. 


The conventional designation of load carrying ability for 16% Cr- 
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Table VII 


Average Mechanical Properties of Nine Heats of “HT” 
15% Cr-35% Ni-Type Heat Resistant Alloy 


—__—____—————— Composition Range, % 


Cc Mn i i Cr N 
0.48 to 0.54 0.67 to 0.99 0.55 to 1.34 34.5 to 35.8 14.9 to 15.9 0.02 to 0.06 


-——Tested at Room Temperature—, Tested at 

As Cast Aged 48 Hrs.—1600 F 1800 F 
Proportional Limit, psi 14,200 16,800 5,100 
Yield Strength 0.2%, psi 36,500 38,800 8,200 
Ultimate Tensile Strength, psi 63,500 73,100 11,300 
Elongation in 2 inches, % 5.2 4.4 32.3 
Reduction in Area, % 6.1 5.3 46.3 
Elastic Modulus in Million, psi 23.9 23.1 


Brinell Hardness Number 168 187 178 R.T. 


35% Ni alloys is in terms of Limiting Creep Stress (L.C.S.) for 1% 
elongation per 10,000 hours, excluding the initial stage of creep. 
More precisely defined, it is the maximum stress that will produce a 
minimum deformation rate below 0.0001% per hour. 

The L.C.S. value is obtained by plotting data from two or more 
tests on either logarithmic or semilogarithmic paper and interpolating 
or extrapolating to the desired creep rate co-ordinate. Both methods 
of plotting yield similar L:C.S. values because one or more data points 
are usually close to the 0.0001%/Hr. rate, but the extrapolated values 
may differ considerably. The semilog plot is more conservative. 
Present evidence does not establish which of these or other proposed 
mathematical treatments (16), (17) of the data is most valid. 

For 26% Cr-12%Ni, the weight of evidence favors the log-log 
straight-line relationship, which for some of the weaker alloys of this 
type seems to hold over at least six cycles on the creep rate co-ordinate 
(1). The stronger alloys with higher carbon contents appear less 
consistent, while concurrently there is more scatter in the experimental 
data. Some duplicate tests differ considerably. As pronounced 
differences in creep rate can be produced by heat treatments that 
change the carbide distribution it has been tentatively considered that 
departures from the straight-line relationship may be attributed to 
variations in strength due to carbide habit. 

The influence. of carbides on strength undoubtedly applies to 
16% Cr-35% Ni also, but whether this is a satisfactory explanation 
of departures from a straight line on either log-log or semilog plots 
is not clear. Creep and stress-strain-rupture data for four 16% Cr- 
35% Ni compositions are presented by plotting on log-log co-ordinates 
herein (Figs. 8, 9, 10, and 11), but the relationship is considered 
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Fig. 8—Log-Log Plot of Creep Characteristics of 16% 
Chromium-35% Nickel-0.29% Carbon Type. Alloy HT-29. 
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Fig. 9—Log-Log Plot of Creep Characteristics of 16% 
Chromium-35% Nickel-0.44% Carbon Type. Alloy HT-44. 


tentative. Harder and Gow (Figs. 12 and 13) have used the semi- 
log method with satisfaction (12). There is a need for long-term 
creep data that will extend the plots for one or two cycles beyond the 
1000-hour co-ordinate and thereby provide additional illumination 
of the relationship and of the behavior that may be expected in service 
up to perhaps 10 years. The considerable difference between the 
log-log and semilog methods is shown in Fig. 14, wherein the data 
from one A.C.I. composition is plotted on a log-log straight line and 
the lines from Fig. 12 are added for comparison. 

A circumstance that should receive consideration is the slow 
establishment of the secondary stage minimum creep rate when 
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Fig. 10—Log-Log Plot of Creep Characteristics of 16% Chro- 
mium-35% Nickel-0.56% Carbon Type. Alloy HT-56. 
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Fig. heat Plot of Creep Characteristics of 16% Chromium-35% 
a Carbon Type. :Alloy HT-56, a duplicate heat for comparison with 
ig. 10. 
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Fig. 12—Creep Characteristics of HT Alloys. 
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Fig. i3—Creep Characteristics of HT Alloys With 
Variable Silicon Contents. 





stresses are low. At, and especially beyond, the 0.0001%/Hr. rate 
more than 1000 hours may sometimes be required to reach a steady 
Stage II rate. Unless high precision of measurement is used. this 
behavior may pass undetected and a rate that is not representative 
be plotted. Such values are probably too high, and tend to curve a 
log-log plot downward, thereby suggesting erroneously that the semi- 
log relationship is more valid. Here again long-term stress-rupture 














Gt: 


ee 


wT —— 


/ 


1947 HEAT RESISTANT ALLOYS 979 


These ore Straight Lines on 
Semi-Logarithmic Paper 
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Fig. 14—Comparison of Log-Log and Semilog Plotting of Creep and Stress 
Rupture Data. Alloy D-7, 0.44% carbon, 33.8% nickel, 20.1% chromium. 


tests with unmistakable delineation of the three stages and involving 
secondary rates below 0.00001%/Hr. would be helpful. 

For many industrial applications, this discussion is academic, 
since the “HT” alloy is used principally for carburizing service around 
1750 F and in heat treating furnaces that operate above 1600 F. 
Operation is characteristically intermittent. The cyclic acceleration 
of creep rate that is observed above 1600 F will be important in 
these applications, and considerably lower the allowable working 
stress if deformation is to be kept within close limits. A comparison 
of steady temperatures and cyclic temperature creep is presented in 
Table VIII. 

The data in Table IX-A are tentatively limited to the silicon 
range from 1.0 to 1.5%, as represented by the midpoint of 1.25%. 
For carburizing resistance it may be desirable to employ the alloys 
from 1.5 to 2.2% silicon. The data in Table X are assembled to 
permit an estimate of the effect on hot strength; a pronounced weak- 
ening effect in stress-rupture tests at 1400 and 1800 F is noticeable. 
The absence of the trend at 1600F is. puzzling and at present 
unexplained except as a fortuitous example of erratic carbide distri- 
bution as described later under metallography. For comparison the 
A.C.I. silicon series in Tables VI-B and IX-B indicates a definite 
shortening of fracture time and lowering of creep resistance at 1600 F. 
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Table VIII 





Comparison of Cyclic and Constant Temperature Creep Tests 
———_———Chemical Composition, % . 
Cc Mn Si Ni Cr N 
A 0.45 0.97 1.32 36.6 17.9 0.06 
B 0.21 1.11 1.21 34.2 18.0 0.03 
Temp. Stress Duration Min. Rate Elong. 
F Cycle* psi Hours % per Hr. % 
0.00010 
(1800 4-20-24 255 1010 d 00016} a 0.130 
Aj 1800 4-20-24 1000 1006 d 0.00046 0.487 
11800 none 1250 1060 d 0.00002 0.046 
1800 none 2100 1008 d 0.00016 0.205 
1800 4-20-24 1000 1030 d 0.00013 vee 
Bi 1800 3-1 1009 1056 d 0.00011 0.124 
| 1800 none 1500 1056d 0.00003 0.039 
{1800 none 2100 1273 br. 0.0001 0.340 
a = 0.000095%% per hour up to 535 hours, 0.00016% per hour thereafter. 
d = Discontinued at time indicated. 
br. =’ Broke at time indicated. 


*The conventional creep tests were conducted at constant temperature. The cyclic test 
involves heating to 1800 F in 4 hours, holding at 1800 F for 20 hours (during which creep 
measurements are made), and slow cooling to room temperature in 24 hours; the cycle being 
repeated continuously. In one case, designated the 3-1 cycle, the specimen was heated to 
1800 F in 4 hours, held at 1800 F for 68 hours, furnace-cooled to 70 F in 4 hours and held 
at 70 F for 20 hours. 








Table IX-A 
Summary of Creep Test Data on 16% Cr-35% Ni Alloys 








Constant Temperature Conditions 


7——Chemical Analysis, %———_, 


Alloy Item GS Mn Si Ni Cr N Melting Practice 
HT-21 A 0.21 1.11 1.21 34.2 18.0 0.03 Basic Arc Fce. 
HT-29 B 0.29 0.72 1.28 34.4 16.2 0.044 Basic Ind. Fce 
HT-35 . 0.35 0.67 1.21 37.6 16.5 0.07 Basic Arc Fce. 
i HT-44 D 0.44 0.74 1.17 35.0 16.2 0.047 Basic Ind. Fce. 
J HT-45 E 0.45 0.97 1.32 36.6 17.9 0.06 Basic Arc Fce. 
HT-56 F 0.56 0.71 1.22 34.7 16.4 0.036 Basic Ind. Fce. 
HT-56 G 0.56 0.80 1.27 34.8 15.9 0.037 Basic Ind. Fce. 
Residual 
ee Creep Test: Data-———— ———-_,, Room Temp. Properties 
Temp. Stress Duration Min. Rate Elong. Tens. Str. Elong. R.A. 
F psi Hours % per Hr. %o psi % % 
A 1600 3,000 312 nil ? ? Load increased to 5000 psi 
(HT-21) 1600 5,000 384 0.00011 0.11 Broke in creep test 
1600 3,500 624 0.00004? 0.03 Broke in creep test 
1800 1,500 1,056 0.00003 0.04 58,500 Dod 
1800 2,100 1,273 0.00010 0.34 Broke in creep test 
B 1400 6,000 1,002 0.00002 0.09 76,250 5.0 7.0 
(HT-29) 1600 4,000 1,844 0.00006 0.9? Broke in creep test 
1800 2,000 632 0.0002 1.0? Broke in creep test 
G 1800 2,000 1,224 0.00008 0.33 14,600 wa ag 
(HT-35) (In 3rd stage at 1224 hrs.) 
D 1400 6,000 1,005 0.00003 0.14 71,500 3.0 2.7 
(HT-44) 1400 15,000 356 0.0096 7.0 Broke in creep test 
1600 4,000 1,001 0.00002 0.09 57,250 1.5 1.1 
1800 2,000 1,013 0.00006 0.08 69,000 4.0 6.6 
. 1600 3,500 1,320 0.00002 0.107 53,200 2.0 20.8 
(HT-45) 1800 1,250 1,060 0.00002 0.046 65,009 3.0 4.4 
1800 2,100 1,008 0.00016 0.205 44,000 1.0 1.2 
F 1400 15,000 TT ee aes 
(HT-56) 1800 2,000 1,003 0.00011 0.13 67,500 4.0 4.3 
2000 500 1,025 0.00012 0.30 57,150 7.5 8.9 
2150 200 1,001 0.00012 0.20 55,125 7.0 10.6 
G 1400 15,000 392 0.0086 7.0 Broke in creep test 
(HT-56) 1400 10,000 1,002 0.00031 0.70 68,200 2.5 3.5 
1600 7,000 Sans cence “en 
1600 5,000 1,002 0.00019 0.31 47,500 1.0 0.8 
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Table IX-B 
A.C.I. Data from the Battelle Memorial Institute Creep Laboratory for Comparison (12) 
“a a ee ae aaa 
Chemical Analysis, %————_ 
Alloy & Mn Si Ni Cr 
D-4 0.41 0.90 1.38 34.0 14.2 
D-15 0.40 0.85 1.27 38.5 14.1 
D-7 0.44 0.86 1.31 3.8 20.1 
D-18 0.44 0.77 1.29 59.4 20.0 
D-20 0.45 1.02 0.43 35.1 15.4 
D-21 0.43 0.95 1.60 2258 16.6 
D-22 0.44 0.91 2.57 35.6 16.1 
Creep Test Data SS ~ 
Temp. Stress Duration Min. Rate Elong. 
F psi Hours % per Hr. af, 
D-4 1600 5,000 997 0.00027 am 3roke in creep test 
D-15 1609 5,090 1,193 0.00018 oa sroke in creep test 
D-7 1600 5,000 3,258 0.00005 _ Broke in creep test 
D-18 1600 5,000 1,129 d 0.000065 
D-20 1600 5,000 1,520 0.00010 Sea sroke in creep test 
D-21 1600 5,900 2,900 0.00007 $.2 sroke in creep test 
1-22 1600 5,000 603 0.00090 1.7 Broke in creep test 
D-4 1800 3,500 105 0.0095 12.7 Broke in creep test 
D-21 ° 1800 3,500 3R0 0.00065 a ,roke in threads 
D-21 1800 3,500 595 0.00061 on sroke in creep test 
D-18 1800 3,500 340 0.0015 32 Broke in creep test 
d Discontinued at time indicated. 
Table X 
Effect of Silicon in 16% Cr-350% Ni Alloys 
Si ——_————Chemical Analysis, %— — 
Alloy % € Mn Si Ni Cr N Melting Practice 
HT-56 1.22 0.56 0.71 1.22 34.7 16.4 0.04 Jasic Ind. Fce. 
HT-56 1.27 0.56 0.80 1.27 34.8 15.9 0.04 Basic Ind. Fce. 
HT-57 2.13 0.57 0.81 2.13 34.9 16.0 0.92 Basic Ind. Fce. 
——— - - As-Cast Tensile Properties ——-—-________, 
Si Yield Strength Uit. Tens. Strength Elong. R.A. Hardness 
Alloy % psi psi % in 2 in. NX BHN 
HT-56 1.22 50,000 66,500 8.0 7.3 187 
HT-56 1.27 §2,500 67,500 8.5 10.7 oa 
HT-57 2.13 38,300 70,750 7.0 7.0 183 
Room Temp. Properties 
-—Stress-Rupture and Creep Properties— After Creep Testing 
Min. Red. Ult. Tens. Red. 
Si Temp. Stress Duration Creep Rate Elong. Area Strength Elong. Area 
Alloy %& . psi Hours % per Hr. N N psi % % 
HT-56 1.22 1400 20,000 36.9 0.16 14.0 Bs 0) aes 
HT.56 1.27 1400 20,000 $2.8 0.16 20.5 ant 6nhae 
HT-57 2.13 1400 20,000 7.6 1.3 21.0 Rae wens oe bik 
HT-56 1.27 1400 10,000 1002.0 0.00031 0.70 wavs 68,200 2.5 3.5 
HT-57 2.13 1400 10,000 qe 0.00034 ns imc "Soe alee 
HT-56 1.27 1600 10,000 52.0 0.088 11.0 See Pe 
HT-57 2.13 1600 10,000 48.0 0.058 8.0 ae % hehe 
HT-56 1.2 1600 7,000 506.0 0.00098 ae. athe saab es 
HT-57 2.13 1600 7,000 361.0 0.C008 1.0 we. 40k00 eh “2 
HT-56 1.27 1600 5,000 1002.0 0.00019 0.31 ae 47,500 1.0 0.8 
HT-57 2.13 1600 5,000 1668.0 0.00021 3.0 aa Broke in creep test 
HT-56 1.22 1800 6,000 21.9 0.06 16.5 SE. |. weeecek a 
HT-56 1.27 1800 6,000 31.6 0.053 15.0 ae. We Gen ° 
HT-57 2.13 1800 6,000 11.2 0.25 24.0 Be. “sewen 
HT-56 1.22 1800 4,000 353.5 0.0010 33 2 i 
HT-56 1.27 1800 3,000 645.0 0.00081 2.0 waa Broke in creep test 
HT-57 2.13 1800 4,000 104.0 0.005 5.0 ae” aha ie e 
HT-56 1.22 1800 2,000 1003.0 0.00012 0.13 ike 67,500 4.0 4.3 
HT-57 2.13 


) 
1800 2,000 1633.0 0.00031 13.0 8.0 Broke in creep test 
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Fig. 15—-Elevated Temperature Characteristics of 16% 
Chromium-35% Nickel Alloys Under Constant Temperature 
Conditions. Type HT. 


WORKING STRESSES 


The range of design stresses that has been suggested is sur- 
prising (Table 1). Field experience, with its uncontrolled variables 
and usual lack of accurate quantitative data, is responsible for the 
variation. Laboratory tests provide considerable clarification. 

Discouragement of field testing is not intended; it is a valuable 
procedure for checking laboratory conclusions or for illuminating 
new problems. While the variables may be under poor control there 
is less chance that an important service factor may be omitted because 
it is unsuspected, and thereby invalidate the end result. Perhaps the 
sanest attitude is to recognize the limitation of field tests and to 
consider laboratory data more accurate (and certainly more precise) 
unless there is qualitative disagreement. A major discrepancy should 
be the signal for a critical review of experimental procedure and a 
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more rigorous analysis of the factors that may be involved. 

An arbitrary but generally satisfactory basis for design is to 
consider 50% of the Limiting Creep Stress (for 0.0001%/Hr. or 
1% in 10,000 hours) as a safe tensile working stress for sound 
material.. A useful life of from 2 to 8 years (17,000 to 70,000 hours) 
should be generally acceptable. Examination of stress-rupture data 
suggests that 50% of the L.C.S. may provide a maximum life ex- 
pectancy of from 20,000 to 400,000 hours, depending on whether 
semilog or log-log extrapolation is accepted. If constant tempera- 
ture conditions are maintained, if the critically stressed areas involved 
are sound, and if a logarithmic stress-time relationship is valid, the 
following stresses are tentatively recommended. 


Table XI 
Suggested Tensile Working Stresses for 16% Cr-350 Ni Alloys 
Carbon: 0.35 to 0.75% Silicon: 0.50 to 1.75% 
Temp., F: 1400 1500 1600 1700 1800 1990 2000 2100 2150 
Stress, psi: 3900 3300 2500 1600 1000 520 240 130 90 


At 1400 F and perhaps 1500 F, the cyclic acceleration of creep 
rate is probably negligible. Above 1600 F, it can be serious. The 
fact that the values above depend on constant temperature conditions 
deserves re-emphasis. If fluctuations are involved safety factors of 
about X 2.5 at 0.45% C and perhaps up to * 10 for 0.21% C may be 
required, as indicated by Table VIII. 

Considerable new data will be required to establish the safe but 
economical working loads for cyclic temperature service. While the 
greater deformation rates are known the effect on life expectancy is 
not, which suggests a fertile field for experiment. 

The design stresses in Table XI generally will provide a creep 
rate below 0.00001%/Hr. or 1% in 100,000 hours. Since 1% per 
year deformation may be tolerable in furnace construction or car- 
burizing service it might be suggested that heavier loads, correspond- 
ing to the L.C.S. for example, are practical. This neglects a general 
characteristic of austenitic alloys (1). As loads decrease, the total 
elongation that will be exhibited before fracture also decreases, and 
low loads sustained for long periods may produce sudden fracture 
with very little apparent ductility. This is an important reason why 
stress-rupture as well as creep data should be studied in the selection 
of design stresses. 
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MAGNETIC PERMEABILITY 


The relationship between magnetic permeability and creep strength 
that has been observed for the 26% Cr-12% Ni alloys, and which 
makes magnetic analysis valuable as an acceptance test, does not 
apply to the “HT” alloys. They exhibit magnetism in the higher 
‘carbon ranges but satisfactory correlation with creep is not apparent. 

Permeability data from '4-inch diameter by l-inch long speci- 
mens are presented in Table XII. Magnetism is apparently a function 
of the matrix composition, which can be changed by carbide 
segregation and by heat treatment. Carbide precipitation increases 


Table XII 
neesanans Permeability of “HT’’ Alloys 


Chemical Analysis, %————-—_, Permeability 


"aa campsite Rol : 

Alloy C Mn Si Ni C1 N Thermal History H=:24 H=30°* 
HT-29 0.29 0.72 1.28 34.4 16.2 0.04 1800 F— 630 Hrs. 1.38 

1600 F—1844 Hrs. 1.26 

1400 F—1002 Hrs. 1.20 
HT-44 0.44 0.74 1.17 35.0 16.0 0.05 1800 F—1013 Hrs. 1.73 

1600 F—1001 Hrs. 5.26 
HT-56 0.56 0.80 1.27 34.8 15.9 0.04 1400 F—1002 Hrs. 15.7 a 
C-14 0.45 0.80 1.24 32.2 16.0 0.08 As Cast 3.08 3.86 

1600 F—48 Hrs. 1.17 1.21 

2100 F—2 Hrs.—W.Q. 3,85 1.21 
C-15 0.45 0.80 1.24 36.4 16.0 0.08 As Cast 5.64 ae 

1600 F—48 Hrs. 8.59 ane 

2100 F—2 Hrs.—W.Q. 1.42 1.51 
C-16 0.46 0.80 1.24 40.3 16.0 0.08 As Cast 8.42 vam 

1600 F—48 Hrs. 16.6 TT 

2100 F—2 Hrs.—W.Q. 6.5 3.78 

The Group Below Consists of Commercial Heats Used in A.C.I. Studies 
ZG 0.10 0.75 1.59 34.0 15.7 0.04 1600 F—48 Hrs. 1.003 1.02 
U 0.17 0.60 0.53 37.1 17.6 0.02 1600 F—48 Hrs. 1.16 1.32 
N 0.19 1.11 1.41 38.1 18.5 0.04 1600 F—48 Hrs. 1,003 1.02 
R 0.33 1.00 1.34 36.2 15.3 0.03 1600 F—48 Hrs. 1.62 1.74 
ZB 0.39 1.06 0.66 34.8 16.7 0.08 1600 F—48 Hrs. 7.69 cae 
ZD 0.39 0.77 1.39 35.1 19.1 0.04 1600 F—48 Hrs. 1.012 1.07 
Z 0.40 0.71 1.95 29.9 16.8 0.05 Cu 1600 F—48 Hrs. 1.003 1.03 
Oo 0.46 0.97 1.31 37.1 15.9 0.04 0.23 1600 F—48 Hrs. 16.3 a 
T 0.50 0.65 1.94 32.2 17.7 0.04 ana 1600 F—48 Hrs. 1.057 1.12 
S 0.53 0.74 1.09 36.3 15.4 0.06 1600 F—48 Hrs. 15.9 s 
= 0.57 044 1.30 35.1 18.0 0.06 1600 F—48 Hrs. 15.5 i 
ZC 0.59 0.88 1.77 34.8 15.9 0.06... 1600 F—48 Hrs. 1,99 2.12 
W 0.66 0.76 1.34 37.1 15.6 0.05 1.36 1600 F—48 Hrs. 16.0 eee 
M 0.70 0.84 1.72 '35.6 16.3 6.03 ... 1600 F—48 Hrs. 6.4 awe 
ZF 0.78 1.05 1.54 36.9 16.8 0.03 0.23 1600 F—48 Hrs. 15.2 er 
ZE 0.88 0.97 2.26 33.4 18.5 0.02 1600 F—48 Hrs. 1.42 1.58 
The Group Below are Rabesheeey Heats Used in A.C.I. Studies 
W 

B-77. 0.21 0.72 1.13 35.6 16.7 0.020 1600 F—48 Hrs. 1.07 1.09 
B-78 0.31 0.82 1.12 35.4 16.0 ee’ 1600 F—48 Hrs. 1.34 1.50 
B83 0.38 0.79 1.16 36.3 16.8 0.018 1600 F—48 Hrs. 1.71 1.86 
B-79 0.40 0.77 1.16 34.8 16.5 gan 1600 F—48 Hrs. 1.35 1.54 
B-84 0.44 0.84 1.21 35.3 16.2 0.020 1600 F—48 Hrs. 2.16 2.40 
B-80 0.46 0.70 1.22 36.5 16.2 ool 1600 F—48 Hrs. 2.78 3.58 
B-81 0.49 0.80 1.13 35.9 16.1 1600 F—48 Hrs. 7.23 seb 
B-82. 0.59 0.74 0.98 36.3 16.4 1600 F—48 Hrs. 13.9 


“Where two values for permeability appear, the same specimens were tested at the 
American Brake Shoe Company laboratory and at Battelle Memorial Institute in co- 
operative research. The Battelle apparatus is similar in principle but differs in design. 
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permeability. That this affects the matrix by removing chromium 
and carbon rather than because the carbides are magnetic is confirmed 
by observing the surface covered with a magnetic colloid suspension 
in a magnetic field (19). The austenite in high carbon alloys and 
the austenite zone adjacent to massive carbides in lower carbon alloys 
exhibit niost intense magnetization. 

Some of the alloys in this Cr-Ni-Fe field have Curie points near 
room temperature. When this occurs very erratic test values may be 
obtained unless temperature is controlled. 

Permeability can be used as a crude index of carbon content. 
After carburizing service the face of a casting that has absorbed 
carbon is usually magnetic and can be readily differentiated from the 
opposite face with a small magnet. Even at high carbon contents the 
alloy is not strongly magnetic ; it is not held satisfactorily for machin- 
ing by a magnetic chuck, for example. 


THERMAL EXPANSION 


The austenitic Cr-Ni-Fe alloys exhibit only small differences in 
expansion coefficients, even over a wide composition range. A trend 
toward lower values as nickel increases is apparent, however. The 
16% Cr-35% Ni alloy has an intermediate position (Fig. 16). 

Thermal gradients will produce internal stresses whose magni- 
tudes are proportional to thermal expansion provided they do not 
produce plastic flow. Thus low expansion is favorable under con- 
ditions of hindered thermal! contraction or cyclic heating. The field 
experience ranking of the three important alloys in Table XIII follows 
the same trend as their expansion coefficients. This property 
undoubtedly contributes but there is other evidence that indicates 
that it is not the only factor involved. 

There is good agreement between laboratories on expansion 
studies; the accuracy of the data need not be a matter of concern, 


Table XIII 
Experience Ranking of Three Heat Resistant Alloys for Cracking 
Tendencies in Intermittent Heating and Cooling Service 





Thermal Expansion Coefficient 


Alloy Nominal Merit Micro Inches per Inch—80 to 1800 F 
Type Composition Ranking per F per C 
HW 12% Cr-60% Ni Best a7 15.7 
HT 16% Cr-35% Ni Good 9.5 17.1 
HH 26% Cr-12% Ni Poorest 10.4 18.7 
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Fig. 16—Thermal Expansion Characteristics of 
Thermalloy Heat Resistant Alloys. 
Average Expansion Coefficients 
—_—_—_—_——- Microinches per Inch per F ———————_ 
Act. Nominal 80 to 80 to 80 to 100 to 800 to 1500 to 
Type Composition 1200 F 1600 F 2000 F 800 F 1500 F 2000 F 
HC-30 27% Cr 6.3 7.0 7.7 6.1 7.7 11.1 
HH-30 26% Cr-12% Ni 9.4 9.9 10.5 9.1 10.0 13.0 
HH-33 26% Cr-12% Ni 10.0 10.3 10.6 9.6 11.0 13.0 
HK-30 26% Cr-20% Ni 9.4 9.7 10.1 9.0 10.0 12.0 
HF-30 21% Cr- 9% Ni 10.1 10.4 10.9 10.0 11.0 12.0 
HT-45 16% Cr-35% Ni 9.0 9.3 9.8 8.6 9.7 12.0 
HW-45 12% Cr-60% Ni 8.0 8.6 9.2 7.9 9.3 11.0 


therefore. The chief probable source of experimental error is the 
contraction that accompanies carbide precipitation. This may slightly 
complicate determinations above 1200 F, as indicated in Fig. 17 from 


A.C.1. work. 
MELTING PoINTS 


Gow, Brasunas and Harder (9) have reported data from cooling 
curves obtained with silica-tube-protected platinum thermocouples. 
The indicated liquidus values correspond to the temperature of 
maximum thermal arrest; the solidus temperatures represent a much 
less prominent discontinuity in the cooling curves (Table XIV). 

Carbon, silicon, nickel, and chromium are all reported to decrease 
solidus and liquidus temperatures. For the commercial “HT” alloys 
a generalized melting range from 2310 to 2525 F appears appropriate. 
At 0.29% C the solidus temperature is close to 2400 F. Holding 
at this temperature produced scattered areas where incipient fusion 
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Table XIV 
Melting mene for 10 to 20% Cr and 30 to 40% Ni nee o 


—High Pucity Seiceiais Cr-Ni-Fe Alloys (9) 








10% Cr 15% Cr 20% Cr 
Liquidus Solidus Liquidus Solidus Liquidus Solidus 
30% Ni 2655 F 2575 ] 2620 F 2550 F 2595 F 2510 F 
35% Ni 2645 F 2565 F 2610 F 2530 F 2585 F 2505 F 
40% Ni 2630 F 2555 F 2600 F 2515 F 2575 F 2495 F 
c————_Comniercial Purity HT-45 and Related Alloys (9) 
14% Cr 16% Cr 18% Cr 20% Cr 
Liquidus Solidus Liquidus Solidus Liquidus Solidus Liquidus Solidus 
33 to 34% Ni 2520 F 2335 F 2495 F 2325 F 2490 F 2310F 2485 F 2335 F 
35 to 36% Ni alate , 2500 F 2330F 2495 F 2335 F 2490 F 2345 F 
37 to 38% Ni 2495 F 231 5 F 2480 F 2310 F 2480 F 2315 F 2475 F 2320F 
39 to 40% Ni 2495 F 2315 F 2480 F 2320F 2480 F 2330 Fy) 02475 F 2320 F 
——_—— Effects of Carbon and Silicon ————— - 
Alloy: HT-46 HT-46 HT-43 HT-45 HT-17 HT-36 HT-56 
Si: 0.44 1.38 1.64 2.61 3.06 2.99 3.64 
Liquidus—F : 2505 2500 2475 2440 2500 2475 2420 
Solidus—F: 2330 2330 2320 2240 2392 2250 2250 







Expunsion % 





40.2 





Lo 
200° Temperature F 
Chemical Analysis 


Alloy C% Mn% Si% Ni% Cr% P% S% N% 
HT-48 048 067 1.14 353 159 - O15 032 
HT-49 0.49 0.74 077 356 153 034 O14 - 


Fig. 17—A.C.I. Thermal Expansion Tests on 
HT (16% Chromium-35% Nickel) Alloys. Heating 
and cooling rate—5 F per minute. Curve 1—heat- 
ing 75 to 1800 F. Cooling—1800 to 1600 F. Curve 
2—cooling—1600 to 75 F after aging 15 hours at 
1600 F. Curve 3—reheating—75 to 1800 F. A— 
Actual contraction on aging. B—Contraction on 
aging not measured. 


is apparent (Fig. 39). With the higher carbon commercial alloys, 
fusion is more pronounced at 2400 F and the melted portions solidify 
as typical eutectic structures. 

Optical pyrometer emissivity corrections were obtained during 
this research. The calculated emissivity for “HT” alloys ranged 
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from 0.34 to 0.49 on the pouring stream to about 0.44 to 0.60 on the 
open bath, which usually is covered with a thin oxide film. Apparent 
optical pyrometer temperatures (black body calibration) are about 
200 F low on the pouring stream, but oxide filmed surfaces below 
2800 F give nearly correct values, corresponding to an emissivity 
approximating 1.0 between 2600 and 2800 F. Conversion charts are 
included in the paper (9). 


HINDERED CONTRACTION STRESSES 


If thermal contraction of an alloy is hindered, either by fixed 
anchorages or by the rigidity of a casting subjected to differential 
cooling, serious stresses will appear. Plastic flow will rapidly reduce 
high initial values to those comparable with the stresses in the vicinity 
of the conventional yield strength. Thereafter, or for stresses below 
this, stress relief is slow and is dependent upon the creep character- 
istics of the material. The limits for rapid stress relief at various 
temperatures have been determined experimentally, as described under 
the previous section on procedure. 





Table XV 
Hindered Contraction Stresses In “HT” Alloys 
Temp. — Tensile Stress in Psi————_, 
° HT-29 HT-44* HT-56* 

2000 4,125 4,250 4,500 
1950 4,750 4.800 5,500 
1900 5,750 5,500 5,750 
1850 6,500 6,250 6,300 
1800 7,500 7,350 7,250 
1750 9,000 8,350 8,250 
1700 10.600 9,750 9,300 
1650 12,750 11,400 10,650 
1600 15,250 13,300 12,350 
1550 18,250 15,400 14,500 
1500 22,000 18,250 16,700 
1450 25,250 21,700 19,700 
1400 29,000 24,750 22,900 
1350 32,125 28,250 26,250 
1300 35,125 31,000 29,700 
1250 37,875 33,750 33,400 
1200 40,450 36,300 37,100 
1100 44,600 40,750 43,500 
1000 48,250 44,750 48,750 

900 51,300 48,100 53,650 

800 54,500 51,000 56,250 

700 57,000 53,500 broke at 800 F 

600 59,400 56,250 

500 61,075 58,350 

480 broke broke 

Elong. at Fracture:=| 17% 17% 14% 
True Stress at 

Fracture:f 74,500 73,000 68,500 


*For detailed analyses see Table IX-A. 

*Stresses in table are based on original 0.505-inch diameter gage length. The true stress 
at fracture is based on the final reduced area at room temperature. The elongation value 
was measured at room temperature. 


| 
| 
| 
| 
; 





1947 


Stress (IOOO psi) 


HEAT RESISTANT ALLOYS 


(Stress on Logarithmic Scale) 









44-327-3 at I5OOF 


7 
a 
a 
o I6 Stage I: Rapid Stress Relief 
© 
a I5 Characteristic Stress = 15,000 psi 


wenn I: Creep 
°. 


0 05 1.0 15 20 
Time (minutes) 


Fig. 19—Time-Stress Curve, Tem- 
perature and Strain Constant, Initial 
Stress Greater Than Characteristic Stress. 
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Fig. 20—Heat Resistant Alloys. Hindered 
thermal contraction test. Spec. No. 44-327. 
0.42% carbon, 34.9% nickel, 16.3% chromium. 
Stresses shown are “based on cross section at 
beginning of run. Initial stress at 1800 F— 
19,500 psi. Cooling rate (1200 to 1000 F)— 
20 F per minute. 10% total R.T. elongation. 
14% total R.T.-R.A. 


989 





990 TRANSACTIONS OF THE A. S. M. Vol. 38 


60000 pf eyo 
40000 nS ——S 

| , ea Y% 
20000 =i 





2000 














800 1000 1200 1400 1600 _~ 1800 
Temperature F 


s 


Fig. 21—Hindered Contraction Stresses in 15% Chromium 
35% Nickel Alloys and Their Relation to Ultimate Strength and 
Limiting Creep Stress. 

The tensile stresses from hindered contraction are especially 
important because they are believed to be the final cause of thermal 
fatigue failure. Representative values for 26% Cr-12% Ni alloys 
have been previously reported (1). To these are added data from 
three 16% Cr-35% Nialloys in Table XV. Between 1800 and 1400 F 
these stresses are similar to those obtained for yield strength in hot 
tensile tests. The testing technique has the advantage of providing 
a stress versus temperature plot over a wide temperature range. 
Disadvantages are the lack of ultimate strength or creep range values 
and of isothermal ductility data, though the resulting elongation is a 
unique summation of ductility and plastic flow over the whole cool- 
ing range. 


Unfortunately, the values reported here are closely related to 
furnace and specimen design and the rate of cooling during the test. 
The stresses would probably be approximated in any apparatus thet 
provided sufficient contraction to exceed elastic properties, but the 
precise values and the elongation observed are expected to be a 
function of the test equipment constants. To permit better definition 
of test conditions, a brief study of isothermal relaxation has been 
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correlated with hindered contraction stresses on a single material 
(Figs. 19 and 20). It is believed that the extrapolated value termed 
“characteristic stress” should be duplicatable in different laboratories. 

Fig. 21 is a plot of the range delineated by several tests, covering 
0.29 to 0.56% C, against temperature. Hindered contraction stresses 
thus appear as intermediate between ultimate strength and limiting 
creep stresses. The coincidence of the ranges for yield strength at 
1600 and 1800 F from Table II is significant. Since both yield 
strength and hindered contraction stresses are arbitrary values based 
on definition and testing procedure, it is probable that both indicate 
the same mechanical propertv. The possibility that strain hardening 
may affect the two values differently at lower temperatures should 
be considered, however. 

It is noteworthy that the 16% Cr-35% Ni alloys usually break 
before reaching room temperature, while certain more ductile compo- 
sitions, such as partially ferritic 26% Cr-12% Ni, may reach room 
temperature and even endure a second cycle without fracture. This 
suggests that high hindered contraction stresses in the lower end of 
the range may be dangerous to the former alloys, and implies the need 
for caution in using the material for heat treating parts that are 
alternately heated and quenched. 


THERMAL FATIGUE 


The foregoing has demonstrated the magnitude of thermal 
stresses and indicated that they can produce early failure. The 
mechanism of service deterioration from this source is more obscure 
and operates more insidiously. A series of temperature cycles is 
considered necessary, producing a succession of events somewhat 
as described below. 

A casting, assumed to be originally stress-free,* is locally heated, 
producing thermal expansion. This is resisted by either fixed 
anchorages or the rigidity and strength of the colder portion. The 
resistance builds up elastic stress until the yield strength is exceeded, 
with consequent plastic flow (upsetting) in compression of this hottest 
portion. When the heating portion of the cycle is complete, the upset 
portion will retain a residual compressive stress approximating the 
values shown in Figs. 20 and 21 for the maximum temperature 








‘Some heat resistant alloy castings exhibit residual stresses (from mold cooling) ranging 
up to more than 20,000 psi, but this probably does not materially alter the analysis of 
thermal fatigue given here. 
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attained. The amount of relaxation from this stress (see Fig. 19 for 
an example) will depend on the time the temperature is constant. 
When cooling occurs the residual compression declines by elastic 
recovery until zero stress is reached at some intermediate temperature. 
Further cooling develops tension. Under severe conditions, this 
tensile stress will increase until the elastic limit is exceeded before 
room temperature is attained, and tensile plastic flow will result. If 
this flow is not excessive, thereby avoiding the fracture that occurred 
in Fig. 20, the upset area will return apparently intact to its initial 
temperature, but with the important difference that it contains high 
residual tensile stress. 

The second and subsequent cycles differ in that heating and 
consequent expansion first relieves the tensile stress, passing zero 
at some moderately elevated temperature, and then builds up com- 
pressive stress. It is possible, because of the different zero stress 
location, that the maximum temperature can be attained without 
plastic flow on this cycle. If so, the return to room temperature may 
also take place without producing additional plastic flow in tension. 
Under these circumstances, a long life in cyclic service may be 
expected. 

If the second cycle includes so much expansion that upsetting 
occurs again at the maximum temperature, tensile flow will be induced 
as the subsequent minimum temperature is approached. Each follow- 
ing similar cycle will also involve both compressive and tensile flow. 
It is postulated that the alteration of these will eventually exhaust 
the inherent ductility of the material and finally produce cracking. 
This result is termed “thermal fatigue”. The failure will naturally 
occur on the tensile portion of a cycle. As precisely uniaxial stresses 
are rare, compressive flow portions of the cycles generally will be 
associated with warping and buckling, which usually accompany 
thermal fatigue cracks. 

The number of cycles before failure, provided some flow takes 
place at each temperature extreme, will depend on the amount of such 
flow, which in turn depends on the part design and thermal gradient 
complex. The susceptibility of a given alloy to thermal fatigue will 
also depend on thermal expansion (a low coefficient will lessen the 
tendency for a given set of conditions to cause stresses reaching tine 
plastic flow points), on strength at both high and low temperatures 
(elastic limits must be exceeded before the damaging flow occurs), 
and on ductility near the temperature extremes. Values for the latter 
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differ considerably for different alloys and at different temperatures, 
making prediction of behavior based on one set of conditions very 
uncertain of application to another case with a different temperature 
range. Ductility at the lowest temperature of a thermal cycle is 
probably critical. 

The “HT” alloy has three possible advantages over the “HH” 
grade for some cyclic service conditions. It has lower expansion 
coefficients (Fig. 16); it has higher creep strength near 1400 F 
(Table XVI) than most “HH” alloys, and thus can attain higher 
stress levels with a minimum of plastic flow; and has greater ductility 
at 1400 F in the strong grades. This last advantage probably holds 
only when the cycle minimum is in this range. Adequate data are 
not available to indicate how far below 1400 F this favorable circum- 
stance continues. The advantage of greater creep strength disappears 
above + 1500 F in comparison with some balanced wholly austenitic 
26% Cr-12% Ni alloys. 

The complex of factors contributing to thermal fatigue makes 
experimental study difficult. A valid accelerated test would be valu- 
able, but it should be recognized that its practical significance will 
probably be confined to an individual set of conditions. Data from 
one such empirical technique (12) are becoming available, which 
rank four alloys in the order: (a) HH-30, (b) HT-32, (c) HH-5/, 
and (d) HT-54, for cycles involving successive water quenches from 
1600 F by alternate flame and water impingement on a %-inch thick 
by 4-inch diameter disk containing eight '%4-inch diameter holes as 
stress raisers. There was a considerable difference between the high 
and low carbon grades of each type in the number of cycles sustained 
before cracking. 

These data suggest that carbon content is more important than 
the alloy type, and that room temperature ductility may be significant 
under the specific test conditions. They should also provoke a 
careful examination of service applications and an attempt to check 
the results in the field, as they differ sharply from the current expe- 
rience ranking of the alloys (Table XIII). Experience with the 
26% Cr-12% Ni grade may have been influenced by utilization: of 
unbalanced alloys susceptible to sigma embrittlement, however. 

The study of thermal fatigue is a fertile field for future research 
and for the careful correlation of field and laboratory data. 
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Table XVI 


Comparison of “HT” (16% Cr-35% Ni) and “HH” (26% Cr-12% Ni) Alloys 
At Two Carbon Levels 


——Chemical Composition, %——-————_ 


Alloy & Mn Si Ni C1 N Structure? 
HH-31* 0.31 0.42 0.42 11.4 26.5 0.07 A+F+C 
HH-32* 0.32 0.48 0.46 11.5 25.9 0.16 A + ¢ 
HH-42 0.42 0.45 0.45 ae 26.1 0.06 A+ F+C 
HH-44 0.44 0.54 0.60 12.8 26.9 0.08 A+C 
HT-29 0.29 0.72 - 1.28 34.4 16.2 0.04 A ( 
HT-44 0.44 0.74 1.17 35.0 16.2 0.05 A ( 
Room Temperature Properties After Aging 24 Hours at 1400 F 
Yield Ult. Tens. 
Strength Strength Elong. R.A. Hardness 
Alloy psi psi % N BHN 
HH-31 55,000 86,000 25.0 29.0 179 
HH-32 50.000 87.800 6.8 7.2 202 
HH-42 73,000 89,000 13.0 15.0 210 
HH-44 64,000 89,125 4.3 4.3 piaca 
HT-29 51,000 95,500 13.0 19.0 207 
HT-44 49,090 88,000 5.5 9.2 210 
Limiting Creep Stress—psi Hindered Contraction Stress*—psi 
Alloy 1400 F 1600 F 1800 F 1200 F 1400 F 1600 F 1800 F 
HH-31 3.400 ae 1.150 30,200 20,500 10,950 
HH-32 5,950 3,200 1,750 39,500 28.000 16,200 
HH-42 6,300 heen 2,200 eta. eelees | So ehwe 
HH-44 7,800 4.500 3.000 46.250 31,000 15.750 <3 
HT-29 7,600 4.400 1,600 40,500 29,000 15,000 7,500 
HT-44 7,200 4.800 2,200 36.300 24.500 13,200 7.500 


_*For the HH-31 and HH-32 alloys, hindered contraction data were obtained on com 
panion heats with very similar analyses. The HH-32 alloys were wholly austeniti 
TA = austenite; F ferrite; C carbide. 


MISCELLANEOUS PROPERTIES 


Evidence of elastic behavior diminishes as temperatures increase. 
The concept of creep has replaced elastic limit and its more practical 
associated properties, proportional limit and yield strength, in high 
temperature design. There is occasional need for elastic modulus 
values, however. The experimental values, such as those in Tables I] 
and III, are affected by testing procedure, as in Table XVII. 

It is thus questionable if the modulus values from tensile tests 
can be used for long-term loading. To obtain an estimate of such 
behavior the. elastic recovery of some unfractured creep specimens 
as the load is removed while at the testing temperature (at the end 
of the test) is assembled in Table XVIII. 

Hot hardness (12) and Charpy impact values (12) from A.C.I. 
research are summarized in Tables XIX and XX. 

The available heat conductivity data are not accepted with con- 
fidence and are therefore omitted here. This property may have an 
important bearing on the temperature gradients that develop in cyclic 
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Table XVII 
Effect of Loading Rate on Tensile Properties (12) 


Tested at 1800 F 


Ultimate Elastic 

Prop. - Yield Strength Tensile Elong. Modulus 

Heat Loading Ratej Limit 06.1% def. 0.2% def. Strength in 2 in. R.A. Million 
No.* Alloy psi per min, psi psi psi psi % % psi 
B-77 HT-21 1250 7,500 9,000 9,200 10,300 7.8 iS 8.9 
-77 HT-21 125 3,950 7,000 7.400 9,200 Fe 19.5 8.7 
B-56 HT-59 1250 5,700 9,200 10,100 12,400 $1.7 46.0 8.4 
B-56 HT-59 125 5,000 7,500 7,900 10,800 29.0 $3.5 7.5 
3-57 HT-70 1250 7,900 9,800 10,200 13,500 21.4 50.0 7.8 
3-57 HT-70 125 4,800 8,000 9,150 13,200 29.2 52.4 5.7 


*See Table VI-B for analyses. 
fto 0.2 deformation Yield Strength—0.03 inch per minute thereafter 


Table XVIII 
Modulus Values from Elastic Recovery After Creep Testing 


lemperature Creep Stress Indicated Elastic Modulus 

Alloy EF ( psi psi 

HT-29 1400 760 6.000 15,000,000 
HT-36 1800 9R2 3. 000 11,000,000 
HT-44 1400 760 6.000 17,500,000 
H T-44 1600 870 4.000 16,000,000 
HT-44 1800 982 2.000 15,000,000 
HT-56 1400 760 10,000 18,000,000 
HT-56 1600 870 5,000 17,500,000 
HT-70 1800 982 2,000 11,000,000 


See Table IX-A for analyse s and creep test details. 


heating and may therefore contribute to the thermal fatigue problem. 
This represents a gap in present knowledge. 

The density of the “HT” alloys is 7.94 grams per cc, correspond- 
ing to 0.286 pound per cubic inch. It varies little over the com- 
mercial composition range. Over a wider zone of analyses it increases 
with nickel and decreases with chromium content. (The specific 
gravity of 26% Cr-12% Ni is about 7.72; of 12% Cr-60% Ni, 
about 8.14.) 


RESISTANCE TO CARBURIZATION 


The “HT” alloy is popular for carburizing service because it is 
considered resistant to deterioration incident to the temperature 
cycles of carburizing, because it maintains hot ductility even after ab- 
sorbing considerable carbon, and because it resists carbon absorption. 

A ranking in carburizing tendencies of several important heat 
resistant alloys, with SAE 1020 steel for comparison, appears in Fig. 
22. A test in actual service is detailed in Table XXI. Quantitatively, 
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the estimation of carburizing from microscopic examination, as in the 
table, is considered less satisfactory than the chemical analysis of 
successive layer samples. Additional work to clarify the difference 
between results in Fig. 22 and Table XXI has been in progress. 
Pack carburizing experiments have suggested that the carburizing 
potential under these conditions is very close to some borderline value, 


~ 
° 


15} 


Carbon Content -% 


° 





Fig. 22—Heat Resistant Alloys. Carbon 
penetration after pack carburizing at 1800 F 
for 100 hours in Houghton’s “‘pearlite carburiz- 
ing material.’”’ (Dodge Specification 5021) 


Four Cycles of 25 Hours at 1800 F 


Grade Cr,% Ni,% Si, % 
SAE 1020 a ee aad 
HC-30 27 2 1.17 
HH-32 26 12 1.18 
HK-30 26 20 1.21 
HT-35 16 35 1.28 
HW-31 12 58 0.80 


with the result that sometimes very little carburization of the Cr-Ni-Fe 
alloys occurs while the control of SAE 1020 steel reacts normally. 
The merits of gas carburizing as a laboratory technique are now 
under investigation; this is more pertinent to the present trend in 
commercial practice. 

Much more rapid carburization occurs in a natural gas atmos- 
phere (12). (Table XXII.) 

Carburization is accompanied by a gain in weight and an increase 
in diameter. These data for the test in Fig. 22 appear in Table 
XXIII. Very rapid carburization in service may thus cause serious 
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Table XIX 
Hot Hardness of 16% Cr-35% Ni Alloys 


30-sec. load, mutual indentation method with 1-cm. dia. x 1-cm. cylinders 





Temperature—F : 75 1200 1400 1600 1800 
Load—Kilograms: 3000 2000 1500 1000 500 
Heat -———Chemical Analysis, %——, Tens. Str.—psi 
na SS Mn Si Ni Cr N a. 1800 F cw Brinell Hardness —, 
A 0.50 0.81 1.34 35.8 15.3 0.06 68 10.8 169 127 86 36 32 
H 0.52 0.74 0.53 34.9 15.2 0.04 67 11.8 167 109 97 58 37 
F 0.49 0.93 0.93 35.4 15.2 0.06 65 10.4 oe 3a, eC ae 
E 0.54 0.99 0.91 34.6 15.1 0.02 64 11.7 169 122 101 58 40 
I 0.46 092 0.92 34.7 15.7 0.02 65 11.5 iG in & 3 “43 
F 0.49 0.93 0.93 35.4 15.2 0.06 65 10.0 im: iw 6shlUCU 
Table XX 


Charpy Impact Resistance of 16% Cr-35% Ni Alloys 


V-notched Charpy Specimens, Superheated 30 to 70 F to 
Compensate Temperature Drop Before Impact 


Impact in Ft-Lbs. 














Heat -————— Chemical Analysis, % —————, -——— Temperature, F ——\, 
No. c Mn Si Ni r N Mo 75 1200 1400 1600 1800 
E 0.54 0.99 0.91 34.6 15.1 0.02 As Cast 3.5 6.0 6.5 7.0 7.5 
I 0.46 0.92 0.92 34.7 15.7 €©.02.... As Cast 35 @5 Bes 238) 13:5 
J 0.54 0.74 1.06 34.5 14.9 0.05 0.76 As Cast 3 ee: Fe - Te 28 
As Cast—Average 40 7.0 80 85 10.5 
E (Same heats as above except ae Gs 64S 89 72 
I aged 48 Hrs. at 1600 F 7.0 10.0 10.5 13.0 12.0 
J before testing.) 469 78 Fs roe) ae 
Aged 1600 F—48 Hrs.—Average 5.0 8.0 8.0 9.0 9.0 
Table XXI 
Depths of Carburization of Heat Resistant Alloys After Use 
Service: 1500 Hours at 1775 F in Carbo X Compound Supplied by the 
Rodman Chemical Company of Verona, Pa. 
—_ of Heavy Total Depth of 
-——Chemical Analysis, % . Carburization, In. Carburization, In, 
Alloy Cc Mn Si Ni Cr N Average Maximum Average Maximum 
16% Cr-35% Ni Alloys 
HT-14 0.14 0.72 1.22 34.7 16.4 0.05 0.094 0.109 0.150 0.166 
HT-18 0.18 0.74 1.31 34.5 16.2 0.04 0.099 0.107 0.148 0.161 
HT-25 0.25 0.75 1.31 34.4 16.3 0.04 0.094 0.098 0.141 0.161 
HT-29 0.29 0.72 1.28 34.4 16.2 0.04 0.131 0.139 0.131 0.146 
26% Cr-12% Ni Alloys 
HH-32 0. 0.49 0.46 11.2 26.6 0.16 0.045 0.057 0.099 0.104 
HH-31 0.31 0.55 1.20 11.2 26.8 0.16 0.036 0.064 0.122 0.152 
HH-32 0.32 0.54 1.18 12.8 26.7 0.16 0.056 0.084 0.100 0.131 
26% Cr-20% Ni Alloys 
HI-32 Oca Gle Jah. 139 mr Gi? 0.063 0.074 0.121 0.137 
HK-33 0.33 0.53 1.25 18.7 26.7 0.16 0.035 0.050 0.119 0.132 
HK-31 0.31 0.54 1.26 21.6 26.7 0.17 0.021 0.062 0.093 0.122 





growth, and if local, cause such large stresses that warping or rup- 
ture occurs. 


Decarburization may occur during the heating and cooling portion 
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Table XXII 
Carburization of “am™ Alloys in Natural Gas az) 





Exposure at 1700 F for 100 Hours 
(Specimens ¥-inch dia. by 1 inch, weighing about 14 grams) 





Alloy -—————Chemical Composition, %————, Weight Carbon 
Grade © Mn Si Ni Cr N Gain, Gms. Increase, % 
HT 0.49 0.93 0.93 35.4 15.2 0.06 0.043 0.30 
Mn HT 0.52 9.21 1.19 24.6 15.3 0.05 0.023 0.16 
HH (For comparison) 12.0 24.0 ee 0.028 to 0.054 0.20 to 0.38 
HW (For comparison) 59.0 13.0 cal 0.017 0.12 
(Carbon increase is based on over-all weight change) 
Nominal Gas Composition ———, : 
co, CH, C.He CyHs Ne ; 


1.2 69.8 a 4.2 15.2 


of a carburizing cycle. When this occurs it is evident microscopically. 
To this is attributed the lower surface carbon contents in Fig. 22 in 
comparison with the metal about 0.030 inch below the surface. 





Table XXIII 
Weight and Volume Changes During Carburization 
Original Avg. Alloy: SAE 1020 HC-30 HH-32 HK-30 HT-35 HW-31 
210.0 grams Weight Increase: 2.0 1.7 0.90 0.55 0.55 0.55 


0.87 inch Diameter Increases: (0. 008 0. 012 2 0.005 0.004 0.004 0.001 


In addition vs the inhibiting effect of nickel on carburization, as 
implied in Fig. 22, silicon usually reduces the carbon absorption rate. 
Effective prevention of carburization above 1.50% Si for 16% Cr- 
35% Ni and 1.25% Si for 26% Cr-12% Ni has been reported (12) 
for pack carburizing at 1700 F. | 


Hot Gas Corrosion RESISTANCE 
Adequate resistance to surface attack by hot gases is a primary 


requirement of heat resistant alloys. The 16% Cr-35% Ni level is an 
economical balance. of the two elements for satisfactory scaling 


ee 


resistance at 16OO F. However, practical experience long ago estab- 
lished that the same surface stability was not obtained in sulphur- | 
bearing gases. ‘This is frequently attributed to the 35% Ni content, 
since high nickel alloys are known to be vulnerable to sulphidation. 
Recent evidence indicates, however, that the comparatively low 
chromium content is at least partly responsible. A number of alloys 
made on a 0.4% C, 0.8% Mn and 1.2% Si base, with various nickel, 
chromium and iron contents, were supplied by the American Brake 
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Shoe Company to the Alloy Casting Institute in a co-operative re- 
search program. These alloys were tested at Battelle Memorial 
Institute and the results partially reported (12), (20), (21). Some 
of them bracket the 16% Cr-35% Ni range as detailed in Table 
XXIV. Additional alloys made at Battelle or supplied by commer- 
cial foundries were also tested in the same apparatus. 


| 
i 





| | 
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> Air Oxidation + 
3 + Field Tests;i6%Cr; 34.5-40 3%Ni (i\O6 SHours) 
21.0 | 
” 
S 
an 
Ss 
$0.! 
ov 
$ 

0.01 

0.001 , , 

16 8 20 22 


Temperature -F x |OO 


Fig. 23—-Hot Gas Corrosion Resistance of Selected HT 
and HU Alloy Combinations (Based on 100-Hour Tests). 


From this considerable amount of data, corrosion rates for several 
alloy combinations have been calculated and are shown below in 
Table XXV. The figures for 13% Cr-34% Ni and 17% Cr-37% Ni 
are particularly significant since they represent the minimum 
chromium and nickel contents for the “HT” and “HU” alloys respec- 
tively. Some of these data have been plotted in Fig. 23 for air 
oxidation, low sulphur oxidizing and high sulphur reducing flue gas 
conditions, representing severe and mild conditions to be encountered 
in normal commercial heat treating operations. From the plotted 
curves, estimates of corrosion rates may be made for intermediate 
temperatures. 

An interesting comparative series of longer-term field tests was 
conducted by the American Manganese Steel Division of the American 
Brake Shoe Company. In these experiments, % by 1 by 2-inch 
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Table XXV 
Calculated Corrosion Rates of “HT” and “HU” Alloys in Inches per Year 

Alloy r——Oxidizing Flue Gas—, -—Reducing Flue oo 

Combination Ar 5¢S (a) 100gS (b) 5¢S (a) 100gS (b) 
Ni, % Cr,% 1600 F 1800 F 2000 F 2200 F 1800 F 2000 F 1800 F 2000 F 1800 F 2000 F 1800 F 2000 F 

34 13 0.006 0.029 0.26 0.50 0.075 0.30 0.085 0.25 0.056 0.15 0.46 1.0 
35 16 0.005 0.014 0.065 0.14 0.028 0.10 0.028 0.08 0.032 0.05 0.09 0.25 
37 17 0.004 0.010 0.048 0.14 0.025 0.07 0.024 0.04 0.026 0.04 0.036 0.10 
38 18 0.004 0.009 0.045 0.13 0.024 0.06 0.020 0.04 0.020 0.04 0.020 0.05 
40 21 0.004 0.008 0.038 0.13 0.022 0.05 0.018 0.03 0.018 0.03 0.018 0.04 

(a) S5gS— _ 5 grains sulphur per 100 cubic feet; representing atmospheres from low sulphur fuel. 


(b) 100g5—100 grains sulphur per 100 cubic feet; representing atmospheres from high sulphur fuel. 

















Table XXVI 
Field Test Hot Gas Corrosion Data 





Diacdiiai in Commercial Heat Treating Furnace (a) at 1940 F (1060 C) 
Under Oxidizing Conditions 





Corrosion as 


Total Total Surface Metal Loss—In./Yr. 

Test Surface -—Furnace Fuel Data—, 

-—— Chemical Composition, %—, Period Metal 50* 95* 100* 0* 

Alloy ¢ Mn Si Ni Cr N Hrs. Loss, In. 507 5T Of 1007 

(b) (c) (d) (d) (e) (e) 

HT-14 0.14 0.72 1.2 34.7 16.4 0.05 8,100 0.083 0.135 0.060 0.052 0.219 

HT-35 0.35 0.67 1.3 34.9 16.0 0.05 8,100 os 25 0.235 0.080 0.063 0.408 

HT-44 0.44 0.74 1.2 34.9 16.4 0.05 8,100 ).118 0.210 0.085 0.071 0.349 

HH-32 0.32 0.54 1.2 12.8. 26.7 0.16 8,100 0068 0.155 0.040 0.027 0.283 

HH-31 0.31 0.55 1.2 11.2 26.8 0.16 8,100 0.068 0.095 0.065 0.062 0.129 

HT-47 0.47 0.82 1.2 34.9 16.0 0.04 5,150 0.060 0.125 oe eee ora 
HT-56 0.56 080 1.3 34.8 15.9 0.04 5,150 0.070 0.163 
HT-61 0.61 0.76 1.3 34.6 16.1 0.05 5,150 0.083 0.173 
HT-70 0.70 0.81 1.3 34.7 16.5 0.05 5,150 0.070 0.155 
C-4 G35 GBs 1.28 3183 11.1 . 0.604. 2,110 0.085 0.390 
C-14 0.45 0.80 1.24 32.2 16.0 0.08 2,110 0.028 0.120 
C-16 0.46 0.80 1.24 40.3 16.0 0.08 2,110 0.015 0.070 
C-34 0.47 0.77 1.21 32.3 20.9 0.07 2,110 0.010 0.040 


és) 





*% Time on Gas. 
*% Time on Oil. 
Notes: (a) Furnace can be either gas or oil fired and operation is shifted from one to the 
other as supplies warrant. Fuel gas is essentially free from sulphur (natural 
gas from Texas Panhandle). Fuel oil is either No. 350 or No. 125 Industrial 
Fuel Oil from Standard Oil Company of Indiana with general specification of 
not more than 1.5% sulphur. 

(b) Tests still in progress. 

(c) % time on gas and % time on oil are not accurately known for several periods 
during tests. These figures are total surface metal losses and not rates 
(inches/year) as shown in subsequent columns. 

(d) Rates calculated from test periods totaling 2000 to 2500 hours in each case 
where accurate fuel records are available. 

(e) anaes from (d). 





Table XXVII 
Corrosion by Gaseous Sulphur Compounds (12) 


Specimens, 44-inch dia. by 1 inch, Exposed for 1 Hour 


-—— Weight Gain in Grams/dm?/Hour——, 


Alloy No. Chemical Composition, %— In Hydrogen Sulphide In Sulphur Dioxide 
Type Heats C Mn Si Ni Cr N_ 1400F 1800 F 2000 F 1400 F 1800 F 2000 F 


HH 2to7 0.30 0.68 0.34 10.4 23.0 1.25 46 11.6 0.023 0.011 0.037 
0.028 0.015 0.046 


0.09 
0.41 0.95 1.80 12.7 26.7 0.12 1.38 5.7 14.2 
HT 1 0.49 0.93 0.93 35.4 15.2 0.06 2.13 8.8 51.5 0.347 0.373 0.630 
HW 1 0.59 0.86 1.02 59.1 13.1 0.02 3.34 364 50.0 0.414 0.469 0.893 
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Table XXVIII 
Hot Gas Corrosion in a Sulphur-Bearing Atmosphere 


Chemical Analysis of HT (Center) Specimen, % 
C 3 - 7 





Mn Si Ni r N 
0.43 0.38 1.23 34.4 17.2 0.06 

Chemical Analysis of Corrosion Products 
Type Alloy S% as Sulphide S% as Sulphate SO,,% Ni,% Cr,% 

26% Cr-12% Ni Scale too thin for sampling 
26% Cr-32% Ni 2.83 0.58 1.74 13.4 9.74 
16% Cr-35% Ni 2.96 5.oe 3.99 16.6 13.28 
130 Cr-65% Ni 2.22 1.07 3.21 37.9 12.34 
17% Cr-63% Ni 0.48 2.00 6.00 31.8 13.98 

Temperature = 1675 to 1700 F. Exposure time — 300 hours, intermittent. 





specimens, tack welded to a suitable heat resistant alloy tray, were 
installed in an industrial heat treating furnace operating intermittently 
at 1940 F (1060 C). Direct flame impingement was avoided and the 
tray was rotated at intervals to equalize possible differences in 
exposure due to position. The furnace was fired with low sulphur 
content natural gas, with the burners adjusted for an oxidizing at- 
mosphere. Metal loss was calculated from periodic thickness measure- 
ments since weight loss determinations, necessitating descaling, were 
impractical. However, the longer periods of the tests compensate for 
the lack of precise measurements and metallographic examinations 
that are possible when the specimens are descaled and sectioned after 
a single exposure interval. These results are shown in Table XXVI 
and pertinent comparative values have been superimposed on the 
plotted results of the 100-hour laboratory tests of Fig. 23. 

The greater attack by high sulphur-bearing reducing gases, 
apparent in Table XXIV, is further emphasized in Table XXVII 
wherein the corrosion rates in undiluted H,S and SO, (12) are 
presented. Fusion of the corrosion product was visible on the “HT” 
and “HW?” alloys in conjunction with weight gains above 25 grams 
per dm* per hour. The much greater rate of corrosion in H,S as 
compared to SO, confirms that hydrogen sulphide is the agent 
responsible for the rapid attack of high nickel heat resistant alloys in 
sulphurous flue gas atmospheres. 

A visual comparison of the relative attack on five different type 
alloys exposed for 300 hours in a pack carburizing furnace operated 
at 1675 to 1700 F appears in Fig. 24. The furnace was fired with 
Bunker “C” fuel oil which usually contains 0.50 to 0.75% sulphur. 
Table XXVIII gives the composition of the “HT” alloy, the type 
analyses of the remaining alloys, and analyses of the corrosion 
products. 














1947 HEAT RESISTANT ALLOYS 1003 


The available data on hot gas corrosion resistance permits a fairly 
satisfactory description of the utility and limitations of the “HT” 
type alloy from this standpoint. The alloy is stable in air at tempera- 
tures up to and including 1800 F over its complete analysis range. 
It is also stable at 2000 F provided the nickel, chromium and silicon 
contents are at or above the mean or 35.0, 16.0 and 1.2% respectively. 
Silicon is extremely effective in minimizing scaling loss in oxidizing 
atmospheres and should be maintained as high as feasible (1 to 1.5%) 
without sacrificing strength. The alloy is not sufficiently stable in air 
at 2200 F to be commercially satisfactory in service approaching this 
temperature. 

With respect to oxidizing flue gases, the alloy is adequately 
stable at 1800 F in the presence of sulphur up to 100 grains per 100 
cubic feet. In the vicinity of 16% Cr and above, the alloy is borderline 
at 2000 F in the presence of appreciable sulphur and stable in the 
presence of low sulphur. With chromium contents of 18% and 
higher, the alloy may be considered for general applications in oxidiz- 
ing atmospheres at 2000 F. 

In reducing or neutral flue gas atmospheres, in which carbon 
monoxide (CO) and hydrogen (H.,,) gases are present, and in which 
the sulphur exists essentially as hydrogen sulphide (H,S), the alloy 
is stable at 1800 F with low sulphur content gases. The alloy is only 
stable with high sulphur content gases when the chromium content is 
above the mean of the commercial range of the “HT” type. Stability 
at 2000 F is generally unsatisfactory in reducing atmospheres. 

Carbon apparently does not have an important effect on hot gas 
corrosion resistance. The effects of manganese and nitrogen have 
not been precisely determined but are presumed to be slight within 
present commercial ranges. 

The surface metal loss data, however, do not permit the complete 
analysis of the hot gas corrosion problem when appreciable stress is 
involved. Grain boundaries are particularly susceptible to attack, 
probably because the carbide segregated there partially divests the 
adjacent matrix of protective chromium. Even in air atmosphere, 
the vulnerability of grain boundaries is apparent (Figs. 25 and 26). 
Research has not yet provided an evaluation of the effect of stress, 
due to either mechanical or thermal circumstances, combined with 
hot gas corrosion, but it would be anticipated that with such a com- 
bination grain boundary attack may be serious. 

The sensitivity to chromium and nickel content demonstrates 
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Fig. 24—-Relative Attack of Five Heat Resistant Alloys in Sulphurous Furnace Gases. 


the desirability of employing the “HU” (18% Cr-38% Ni) alloy 
range in place of “HT” when high temperature corrosion may be 
severe. Where considerable hydrogen sulphide may be encountered 
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Fig. 25—Grain Boundary Attack After 630 Hours at 1800 F 
Under Stress of 2000 psi. X 250. 

Fig. 26—Grain Boundary Attack After 1003 Hours at 1800 F 
Under Stress of 2000 psi. X 250. 


the selection of the “HH” (26% Cr-12% Ni) grade may be advisable 
in preference to either of the two above. 

Recent developments in the A.C.I. program indicate that when 
conditions alternate, as when reducing and oxidizing atmospheres 
are employed, successively, the gas composition of maximum destruc- 
tiveness is the controlling factor. This implies that an alloy should 
be selected to withstand the most severe circumstances that may be 
encountered rather than the most probable or even average conditions. 


METALLOGRAPHY 


The metallography of the 16% Cr-35% Ni grade is relatively 
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simple, but certain factors are involved that are difficult to evaluate 
quantitatively. The matrix is a stable austenite; there are no compli- 
cations from sigma or ferrite development as in the case of 26% Cr- 
12% Ni and other borderline alloys (HF, HI, etc.). The austenite 
contains carbides in solid solution, as a fine granular precipitate, and 
as masses in eutectiform arrangement. The amount of free carbide 
present, which is controlled by composition and temperature, appar- 
ently exerts a considerable influence on mechanical properties. 

Free carbides tend to fix chromium in combination thereby 
impoverishing the matrix. Thus a carbon series, such as in Table V, 
is theoretically also an inverse matrix chromium series. The sig- 
nificance of this has not been thoroughly explored. Fortunately this 
fixation of chromium does not seriously affect general oxidation 
resistance as might be expected. 

The form, amount, and distribution of carbide are important 
factors; they constitute the major variables influencing strength and 
ductility. As cast, the commercial alloys exhibit a network of eutectic 
carbides in a matrix that contains few if any of the fine granular type 
(Figs. 27, 28, 29 and 30). Subsequent exposure to elevated tempera- 
ture will precipitate the excess held in supersaturated solution. Low 
temperatures (1400 to 1600 F) will produce many fine particles 
(Figs. 31, 32, 33 and 34) ; as temperatures rise the particles become 
fewer and coarser (Figs. 35, 36, 37 and 38). It is apparent that the 
as-cast austenite is not homogeneous, carbon gradients caused by the 
dendritic progress of solidification being prominent after carbide 
precipitation. 

The amount of carbon that is soluble in the matrix just under the 
solidus is probably near 0.30% C. In Fig. 39, 2 hours at 2400 F has 
apparently dissolved all free carbide except traces at the grain bound- 
aries. At 2300 F, with 0.18 and 0.25% C, grain boundary carbide is 
present but the grains themselves are carbide-free (Figs. 40 and 41). 

At the lower elevated temperatures there is little diffusion of 
carbon and the cast dendritic structure persists for long periods. 
Above 1800 F diffusion becomes apparent; at 2000 F some agglom- 
eration will occur during a 1000-hour creep test, and at 2150 F even 
the eutectic carbides exhibit spheroidization. At 2300 F diffusion is 
sufficient to erase matrix carbon gradients in 12 hours. Subsequent 
exposure at 1800 F will precipitate the excess carbide in the now 
homogenized matrix as a quite uniform dispersion (Fig. 42). 

The change from segregated to uniform carbide distribution has 
a pronounced effect on properties. In Table XXIX, the tensile 
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‘igs. 27 to 30—As-Cast Structures of 16% Chromium-35% Nickel “HT’’ Type 
Alloys Etched in hot alkaline K,Fe Cyg. 50 Fig. 27—0.44% carbon. Fig. 28 
0.57% carbon. Fig. 29 1.09% carbon Fig. 30—1.95% carbon. 


properties after aging, before and after homogenization at 2300 F, 
are presented. Strength is increased with some decrease in ductility. 
Parallel experiments with stress-rupture tests suggest a similar 
strengthening up to about 0.45% C but the data are erratic. The 
A.C.1. program has aiso included comparisons after various heat 
treatments, as detailed in Table XXX. An increase in life expectancy 
and creep resistance generally occurs after diffusion is promoted, 
though exceptions (see Alloy “*S’’) are possible. A pronounced drop 
in ductility, which is undesirable, also results. The significance of 
these phenomena is believed to be the proof they provide that a wide 
range of properties may appear in a single alloy, depending on carbide 
habit. Thus, between 0.35 and 0.60% C in the commercial alloys, 
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Figs. 31 to 34—Carbide Precipitation in 16% Chromium-35% Nickel “HT” Alloys 
Tested at 1400 to 1600 F. Etched in hot alkaline K,Fe Cys. > 250. Fig. 31—0.44% 


i 
é 
t 
carbon. Creep tested 1005 hours at 1400 F. Fig. 32—0.57% 


® carbon. Stress-rupture 
tested 8 hours at 1400 F. Fig. 33—0.29% carbon. Creep tested 1884 hours at 1600 F. 
Note heavily oxidized grain boundaries. Fig. 34—0.44% carbon. Creep tested 1001 
hours at 1600 F. 


lt A ae ee + 


considerable variations are possible and have been noted experimen- 

‘ 17SO, c : aS. . | 
tally. At about 0.60 to 0.75% carbon the austenite is probably nearly | 
saturated despite dendritic segregation (the excess carbide appearing 
as a network) and more uniformity in elevated temperature strength 
might be expected. 


There is a possibility that homogenization and subsequent aging 
might be used to increase the hot strength of the weaker alloys below 
0.35% C. This does not seem commercially feasible, however, as it 
involves expensive heat treatment and the same strength may be 
readily obtained with a moderate increase in carbon. 
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Figs. 35 to 38—Structures of 16% Chromium-35% Nickel “HT” Alloys Creep 
Tested From 1800 to 2150 F. Etched in hot alkaline K;Fe Cys. X 250. Fig. 35- 
0.44% carbon. Creep tested 1013 hours at 1800 F. Fig. 36—0.56% carbon. Creep 
tested 1003 hours at 1800 F. Fig. 37—0.56% carbon. Creep tested 1025 hours at 
2000 F. Fig. 38—0.56% carbon. Creep tested 1001 hours at 2150 F. 


Stress-rupture results from a single heat, but reflecting two pour- 
ing temperatures and two rates of cooling after solidification, appear 
in Table XX XI (12). The spread from 3 to 10 hours in life (1600 F 
and 12,000 psi) and 0.43 to 3.5% per hour in minimum creep rate is 
large in comparison with the total range covered by the compositions 
in Tables VI and VII. This is considered to reflect the influence of 
carbide habit as modified by production variables. 

In the graphs of Figs. 7 and 15, scatter bands for the principal 
properties are shown; these are intended to include the variations 
typified above provided no diffusion heat treatment, as in Tables 
XXIX and XXX, is employed. Their widths are based on the data 


poe ae f 
wl ee etl 


em 








1010 TRANSACTIONS OF THE A. S. M. Vol. 38 





Figs. 39 to 42—Structures of 169% Chromium-35% Nickel “HT” Allezs After 


Homogenizing Heat Treatments. Etched in hot alkaline KsFe Cys X 250. ig. 39— 
0.29% carbon. Water-quenched from 2 hours at 2400 F. Note evidence of incipient 
fusion. Fig. 40—0.18% carbon. Air-cooled from 12 hours at 2300 F. Fig. 41—0.27% 
carbon. Air-cooled from 12 hours at 2300 F. Fig. 42—0.27% carbon. Carbide precipita- 
tion at 1800 F after 12 hours at 2300 F. 


available, with omission of occasional extreme tensile test values. 
General experience with high temperature testing has also been in- 
voked for the Limiting Creep Stress bands ; statistical treatment would 
be very desirable for this important property but not enough data 
are available. 

The freedom from ferrite and sigma phases has an important 
bearing on the range of expected properties. The “HE” (28% Cr- 
10% Ni), “HF” (21% Cr-9% Ni), “HH” (26% Cr-12% Ni), 
“HI” (28% Cr-14% Ni), and sometimes the “HK” (26% Cr- 
20% Ni) types are borderline in this respect; certain combinations 
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Table XXIX 


The Effect of Homogenization and Consequent Carbide Redistribution 
on the Properties of 16% Cr-35% Ni Alloys 


een ee eee ition Range, %——————___—__——_ 
as Nf Cr N 
0.67 00.75 1.17 to 1.31 34.4 to 35.0 16.0 to 16.4 0.043 to 0.052 





variable 


Room Temperature Tensile Properties After Aging 
2300 


pe nrapinmeipetnetny, 
As Cast F—12 Hours—Air Cool + 

Furnace Cool from 24 Hours at 1400 F Furnace Cool from 24 Hours at 1400 F 

Yield Tensile Elong. Red. Hard- Yield Tensile Elong. Red. Hard- 
Strength Strength in2in. Area ness Strength Strength in2in. Area ness 

C,% psi psi % % BHN psi psi Yo %  BHN 
0.14 48,000 87,750 25.8 35.9 168 59,000 95,750" 14.5 17.0 196 
0.18 48,000 91,750* 21.0 34.5 187 67,000 99,500 10.0 23.4 217 
0.25 53,000 93,500 16.0 30.8 207 75,000 113,250* 10.8 19.0 262 
0.29 25,000 95,500* 13.0 19.4 207 78,000 110,500* 6.3 14.4 262 
0.35 59,000 90,250" 7.5 9.8 199 78,000 116,750* 7.0 10.6 262 
0.44 49,000 88,000 5.5 9.2 210 58,000 105,250 4.8 6.8 241 


*Average of two tests. . : ; 
The yield strength values are approximate, from load increase observation. 





Table XXX 

Effect of Heat Treatment (12) on Stress-Strain-Rupture Properties at 1600 F and 12,000 psi 
2 (For Compositions, See Table XII) 

| As Cast + 2100 F—2 Hrs.—W. 2200 F—2 Hrs.—W. 


c— 48 Hrs. at 1600 F —, he at 1600 





aS i at 1600 





Min in, 
Life Rate Elong. R.A. Life Rate Elong. R.A. Life Rate Elong. R.A. 
Alloy C Hrs. @®/Hr %& % Hrs. %/Hr. % % Urs. %/Hr. % % 
R 33:42 1.) 18.0 44 os aoe bu 9.0 0.40 9.9 27.0 
ZB O35 Gl 1.2 22.0 40 me a ae e 45.1 0.014 2.9 12.0 
ZD 0.39 4.2 .1.8 20.0 28 5.4 1.3 15.0 19 14.5 0.004 4.2 7.7 
Z 0.40 5.3 2.0 21.0 30 es es int s 21.9 0.016 2.0 5.0 
O 0.46 14.5 0.42 15.0 33 4.7 0.72 6.9 11 27.4 0.04 3.0 3.9 
S 0.53 41.6 0.052 5.9 17 oe aia am" “a 24.5 0.08 5.4 3.6 
ZC 0.59 4.2 4.5 28.0 42 11.4 1.6 25.0 34 50.2 0.012 3.2 13.0 
Table XXXI 


The Effect of Casting Variables on Stress-Rupture Properties (12) 


Specimens from a Single Heat of HT Alloy 


Stress-Strain Rupture Properties 
(Preaged 48 Hours at 1600 F) 


—Casting Variables, 





————1600 F and 12,000 psi 


Pouring Temp. Life Min. Creep Rate Elong. ecw Area 

Mold Cooling Hrs. % pet Hr % in 2 % 

2870 Slow to R.T. 3.0 23 45 

2870 uick shakeout 6.8 0. 3s 19 32 

2695 low to R.T. 7.7 1.2 21 28 

2695 Quick shakeout 10.0 0.43 10 13 

From Tables VI-A and VI-B for Comparison 

4 Commercial heats: 0.33 to 0. 40% & 4.2to 8.1 1.1 to2.0 18to22 28 to 44 
4 Commercial beats: 0.46 to 0.57% C 11.0 to 42.0 0.05t00.76 6to17 16 to 33 
4 Commercial heats: 0.59 to 0.78% C 4.2to 8.2 1.2 to4.5 19 to 28 33 to 48 

0.38% C 5.7 1.8 24 46 

1 Laboratory heat: 0.38% C 19.0 0.08 6.7 15 
18 Laboratory heats: 0.40 to 0.49% C 4.9to 12.5 0.91to2.6 13 to 32 24 to 48 
3 Laboratory heats: 0.59 to 0.70% C 15.0 to 24.0 0.26t0 0.33 11 to 17 23 to 55 


— ee ae 


: 1 Laboratory heat: 
i 
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of the constituent elements may produce only partially austenitic 
alloys that may be weak at high temperatures and subject to sigma 
embrittlement around 1600F. Composition control to produce 
definite properties may thus require intimate knowledge, adequate 
technical control and exceptional melting skill. In contrast, the “HT”’ 
alloy has much latitude. Despite the effects of carbide habit there is 
less variation expected in creep strength over the range from 0.35 to 
0.75% C, 34 to 40% Cr, and 13 to 21% Ni than has been observed 
experinientally between 0.25 and 0.35% C in 23 to 27% Cr-10 to 13% 
Ni alloys. The same applies to hot ductility. 

This latitude is stressed here for comparison with “HH” 
alloys and not to imply that “HT” alloys are uniform even if care- 
lessly made. Room temperature ductility is a sensitive property and 
others, such as resistance to carburization, hot gas corrosion, and 
thermal fatigue require informed technical control to produce con- 
sistent results. 


SUMMARY 


The foregoing assembly of data indicates that the creep strength 
(for 0.0001% per hour minimum rate) of 16% Cr-35% Ni alloys 
ranges from around 8000 psi at 1400 F to 180 psi at 2150 F. Using 
working stresses based on half of these values, life expectancy before 
fracture, from extrapolation, ranges upward from 20,000 hours. Unit 
stresses can be calculated on metal sections that remain after service 
by considering the expected metal loss from hot gas corrosion. 

The limitation of the 16% Cr-35% Ni (HT) grade to tempera- 
tures below 1900 F in air, 1800 F in oxidizing and low sulphur re- 
ducing flue gases, and to below perhaps 1400F in high sulphur 
(100 grains per 100 cu. ft.) reducing flue gases is indicated. The 
maximum temperatures for the more resistant 18% Cr-38% Ni (HU) 
grade are similarly about 2050 F in air and oxidizing flue gases; and 
2000 F for reducing flue gas with high sulphur. The most damaging 
agent is apparently hydrogen sulphide. 

The quantitative effects of intergranular oxidation and stress 
corrosion are not yet defined and may require additional safety 
factors. 

Carbon reduces room temperature ductility, thereby probably 
influencing thermal fatigue resistance. It does not impair hot duc- 
tility, however. In conjunction with good resistance to carburization, 
especially if silicon is above 1.5%, this carbon effect is favorable for 
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carburizing service, which is an important application for these alloys. 

Silicon generally lowers high temperature strength and should be 
balanced against the need for carburizing resistance. The two ranges, 
0.50 to 1.5% and 1.5 to 2.3% Si, might be differentiated for general 
structural and carburizing service respectively. 

Cyclic temperature service may accelerate creep, thus requiring 
a safety factor from 2.5 to & 10 imposed on the constant temperature 
working stresses above 1500 to 1600 F (185 to 870 C), or may induce 
damaging thermal stresses. These are an important cause of service 
failures. Hindered contraction stresses have been determined as a 
contribution to the problem of “thermal fatigue”, which has been 
discussed from a hypothetical and analytical perspective. to provoke 
further experimental study. 

Comparisons with the 26% Cr-12% Ni (HH) alloys indicate 
that the “HT” grade is generally superior in creep strength at 1400 F 
and similar to the balanced grades above 1600 F; has somewhat less 
thermal expansion; has better resistance to carburization, but less 
resistance to attack in reducing sulphurous hot gases; much superior 
hot ductility as carbon increases, thereby having a distinct advantage 
in carburizing service; and much less sensitivity to composition over 
a broad commercial manufacturing range. 
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DISCUSSION 


Written Discussion: By C. T. Evans, Jr., chief metallurgist, Elliott Co., 
Jeannette, Pa. 

The authors are to be commended for such a thorough treatment of such a 
complex subject. Data on these older compositions are particularly welcome to 
the metallurgist concerned with the new gas turbine structures. Such parts as 
rotor casings, inlet and exhaust casings and duct work flanges can often be cast 
to good advantage, and the design stresses can be readily kept within the limita- 
tions which the data indicate. Furthermore, the indications are that above 
1600 F (870 C), for long-time service, the new “super” alloys of the vitallium 
class are no longer “super”, and that the older compositions come back into 
their own. 

It is to be hoped that this work will continue unabated with emphasis on 
the tests which shed some light on the intricate problem of thermal fatigue. A 
more extended comparison of the “HT” (16% chromium-35% nickel) and 
“HH” (25% chromium-12% nickel) types with the 25% chromium-20% nickel 
“HK” type is badly needed, since this latter alloy gives many indications of 
combining the better features of both the more widely used compositions. 

It is regrettable that no reference is made to the serious problem of weld- 
ability. Designing engineers tend to think of all austenitic alloys as highly 
weldable, whereas this is far from the case, particularly where these relatively 
high carbon cast compositions are concerned. In the writer’s experience, whether 
or not an alloy is readily weldable can be the determining factor in its accept- 
ability from either a structural or a repair viewpoint. 

Only a few years ago, it was thought that all heat resisting alloys of the 
austenitic type tended to become brittle under load at temperatures in excess of 
1200 F (650C). Since then, several high strength compositions have been 
formulated which, in the wrought form, retain their ductility as measured by 
elongation to fracture in the rupture test. These same alloys, in cast form, 
exhibit the characteristic progressive brittleness mentioned by the authors. It 
has been further observed that the presence of ferrite and/or sigma tends to 
promote this hot ductility to fracture in the wrought alloys, although its presence 
is not absolutely necessary. Even in the cast compositions, the authors have 
taken note of the fact that when ferrite or sigma is present in the 25% chromium- 
12% nickel “HH” type, the hot ductility goes up. 

It might be postulated that the absence of segregation in the alloys in 
wrought form is responsible for the improved and retained ductility charac- 
teristics. This would suggest that solution heat treatments might be helpful to 
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the cast alloys and perhaps the authors have some comments on this point. 

In any case, a major mystery needs to be cleared up as to why the wrought 
and cast forms behave so differently. If cast alloys or treatments could be 
developed which would give structures retaining high ductility under load, it is 
the writer’s opinion that a chief objection to the use of castings in critical gas 
turbine parts would be eliminated. As suggested by the authors, high factors of 
safety in castings are often required only because of their brittleness character- 
istic. Furthermore, it is reasonably certain that such structures would have a 
much higher level of resistance to thermal fatigue. 

Written Discussion: By Alfred R. Bobrowsky, head of high temperature 
materials section, National Advisory Committee for Aeronautics, Cleveland. 

Messrs. Avery and Matthews have presented an interesting paper on a 
number of properties of certain heat resistant alloys. It was mentioned that the 
semilogarithmic method of plotting rate of creep and time for rupture at constant 
temperature yields more nearly a straight-line plot than does the logarithmic 
method. It may be noted that a theory suitable for application to creep and 
stress rupture tests has been derived recently at the Aircraft Engine Research 
Laboratory of the National Advisory Committee for Aeronautics at Cleveland, 
which uses the concept of dislocations and rate-process theory to develop rela- 
tions between the elevated-temperature test properties and fundamental charac- 
teristics of the materials such as crystal structure and modulus of rigidity. , The 
theory predicts that creep and stress rupture data will be linear more readily on 
semilogarithmic plots than on log-log plots, a hyperbolic-sine relationship is the 
rigorous starting point for the semilogarithmic approximation. Two papers 
published by the National Advisory Committee for Aeronautics contain 
this theory.” ? 

Written Discussion: By Roger Sutton, General Alloys Co., Boston. 

The authors are to be commended, not only on a noteworthy presentation 
of data, but particularly on the fact that this is the first logical interpretation of 
such data that it has been my opportunity to hear. Unfortunately, in the past it 
has been the practice of those engaged in research to accept such laboratory 
data as might be available to them, and compare it directly with similar data on 
other alloys. When such comparison has been at variance with known field 
performance records, it has been generally assumed by these research men that 
the performance data were either wrong, or biased. 

These authors have looked beyond the actual data itself, correlated the 
information obtained, and applied an extremely clear logic with the end result 
that their conclusions are verified by the experience of the heat resistant alloy 
casting users of the country. 

I can find no statements in this paper with which I am in disagreement. I 
would like to call your attention to certain facts confirming the conclusion of 
these authors, which facts are based on many years of experience with these 
alloys in the industrial field. It has been the experience of the General Alloys 
Company that in all cases where alternate heating and cooling, or thermal shock, 
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are encountered, the nickel-chromium types of alloy are vastly superior to 
the chromium-nickel grades. Moreover, it has been our experience that in the 
over-all picture, the alloys containing approximately 38% nickel-18% chromium 
have a life of approximately 50% more than the 35% nickel-15% chromium 
alloys where these conditions of thermal shock, temperature differential, alternate 
heating, and cooling, etc., are encountered. Moreover, based on our own 
experience, we have found the 38% nickel-18% chromium grade of material to 
be much more resistant to hot gas corrosion, particularly at temperatures above 
1800 F. The beneficial effects of increasing nickel are further borne out in our 
experience by the vastly increased life of the 60% nickel-12% chromium, and 
68% nickel-18% chromium alloys, whose ultimate service lives are found three to 
five times that of 35% nickel-15% chromium—in the case of the 60% nickel- 
12% chromium alloys—and five to ten times, in the case of 68% nickel-18% 
chromium. 

It is to be hoped that additional papers on this same subject will be pre- 
sented by these authors in the near future. 

Written Discussion: By H. M. German, metallurgical assistant to the 
president, Driver-Harris Co., Harrison, N. J. 

The Driver-Harris Company, one of the pioneer makers of heat resisting 
castings, has confined its casting activities to three types of alloys, namely— 
Nichrome,’ an alloy of substantially 60% nickel, 15% chromium, balance iron; 
Chromax,’ an alloy of substantially 35% nickel, 15% chromium, balance iron; and 
Cimet,* an alloy of substantially 12% nickel, 25% chromium and balance iron. 
The last named alloy is recommended only for applications where the alloy is to 
operate in sulphur atmospheres, as the higher nickel content alloys do not with- 
stand the attack of sulphur satisfactorily. This alloy, however, does not resist 
carburization or nitriding as well as the higher nickel alloys, and in many cases 
becomes brittle in service due to the formation of sigma phase. We have never 
found the presence of brittle sigma phase in either the 35% nickel-15% chro- 
mium, or the 60% nickel-15% chromium alloys. 

Experience over many years has proven that the 60% nickel-15% chromium 
alloy is the best analysis to resist high temperatures, erosion and corrosion of 
furnace atmospheres (except those containing sulphur), carburization and 
nitriding. For lower temperatures and where strength is required, the 35% 
nickel-15% chromium alloy is very satisfactory. 

The high nickel alloys can be improved greatly by the addition of molyb- 
denum and columbium or titanium. In order to determine the effect of these 
elements, standard production heats were made in a 1000-pound Ajax electric 
furnace. Analyses of the heats are shown below: 


I II III 
Carbon 0.57 0.57 0.50 
Manganese 1.09 1.10 1.18 
Silicon 1.50 1.49 1.56 
Nickel 35.83 36.19 35.58 
Chromium 15.89 16.17 15.47 
Columbium None 1.91 2.03 
Molybdenum None None 1.85 
Iron Balance Balance Balance 


®Registered Trademark. 
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Standard creep test pieces and carburizing trays for service tests were made 
from the above heats. The creep test samples were sent to the International 
Nickel Company laboratory at Bayonne, N. J., for creep test. A quotation from 
their report is as follows: 

“The creep resistance of cast heat resisting alloys of the 35/15 type is 
greatly improved by the presence of columbium, while still further improvement 
is obtained by an addition of columbium and molybdenum. A direct comparison 
can be made between the three alloys tested at 1800 F under 2000 psi. The 
straight 35/15 alloy entered the third stage of creep within 50 hours after the 
2000-psi stress was applied, while an addition of 1.91% columbium delayed the 
entrance into the final stage for 600 hours. The alloy containing 2.04% 
columbium and 1.85% molybdenum, however, had not entered the third stage 
of creep even after 1500 hours under stress. The increase in creep resistance 
at 2000 psi is roughly eight-fold for the columbium addition, and eighty-fold for 
the columbium-molybdenum addition. 

“Further, even to approximate the low creep rate of the columbium- 
molybdenum alloy, it is necessary to reduce the stress on the 35/15 alloy to less 
than one-half at 1800 F. The columbium alloy is evidently of intermediate load 
carrying ability.” 

A report by one of our field engineers on the service tests of the carburizing 
trays, which were subject to heating and quenching, is given below: 

“The customer had set up an average of about 3150 hours for the standard 
Chromax analysis which was quite acceptable. In this experiment the two 
No. 1 ran 2870 hours and 3415 hours, bracketing the average. One of the No. 2 
was returned after 2870 hours, due obviously to the wreck in the furnace and 
not to a usual failure. The second No. 2 has failed at 3700 hours and both of the 
No. 3 ran 4500 hours and are now through and being returned for examination. 
This is an extremely long life by any comparison for this use and as will be 
seen is about 509 greater than the average of the standard Chromax.” 

Heats were also made in which titanium and molybdenum were added to 
standard 35/15 analyses. Analyses of two of these heats are shown below: 


23044 9145 19144 
Carbon 0.53 0.61 0.55 
Manganese 1.15 1.20 1.36 
Silicon 1.57 1.40 1.55 
Chromium 15.61 18.33 16.31 
Nickel 35.50 37.68 36.13 
Titanium 1.61 2.24 1.95 
Molybdenum 1.79 1.55 2.24 
Iron Balance Balance Balance 


Standard creep test samples were sent to the University of Michigan for 
creep testing and the following results were reported. Tests were made at 
1800 F (980 C) under a load of 3000 psi. Heat 9145 reached the second stage 
at 25 hours with an elongation of 0.00055 inch. At the end of the test, at 1025 
hours, it was still in the second stage and had an elongation of 0.001275 inch/inch. 

Heat 23044 reached the second stage at 25 hours with an elongation of 
0.0001 inch and at the end of 650 hours, when the test was discontinued, it was 
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still in the second stage and had an elongation of only 0.00016 inch/inch. Heat 
19144 reached the second stage in 25 hours with an elongation of 0.0006 inch. At 
the end of the test, in 1010 hours, it was still in the second stage and had an 
elongation of 0.00122 inch/inch. Tests have been run which actually showed 
a minus creep. This shrinkage is due to the precipitation of carbides and of 
columbium or titanium phases when they are in excess of amounts required to 
satisfy the carbon contents. 

By some small variations in analysis, malleable alloys of the 35% nickel- 
15% chromium type have shown good creep results. For example, a heat of the 
following analysis: carbon 0.36%, manganese 1.10%, silicon 1.58%, nickel 
35.66%, chromium 16.25%, molybdenum 1.96%, columbium 2.52%, and iron 
balance, when tested at 1800 F (980C) under a load of 2500 psi gave the 
following results. 

The test reached second stage in 25 hours with an elongation of 0.00025 
inch. At the end of the test in 1125 hours, it was still in the second stage and 
had an elongation of 0.0025 inch/inch. . 

From the foregoing data, it will be recognized that the 35% nickel-15% 
chromium type alloy with molybdenum and with titanium or columbium is a 
superior alloy and should have extensive applications. 

Messrs. Avery and Matthews are to be congratulated for their excellent 
paper and method of presentation. The data given are a distinct contribution 
to the understanding and application of heat resisting castings. 


Authors’ Reply 


The comments of those who have discussed this paper are appreciated. 
Several of them have raised interesting points that we hope will be covered by 
future work. 

Mr. Evans has mentioned the desirability of data covering the 25% 
chromium-20% nickel or “HK” type of cast alloys. Research on these has been 
in progress for several years and it is planned to present pertinent engineering 
data in a future paper. Some preliminary information has been made available 
for the new MeTALs HANDBOOK. 

The “HT” alloys are commercially weldable and machinable. No comment 
on this was included as it has been common knowledge for years, the occasional 
difficulties encountered being related chiefly to shop procedures. Acceptable 
quantitative data, which would have been desirable for this paper, are apparently 
lacking. There is some possibility that such information will be developed in the 
future by co-operation between the Alloy Casting Institute and the American 
Welding Society if the industrial need is great enough. 

The comment on solution heat treatment is very pertinent as it has played 
an important part in wartime research on the gas turbine alloys. However, 
it has not yet been established as a practical means of increasing the service 
ductility of the cast chromium-nickel-iron heat resistant alloys. Tables XXIX 
and XXX include some data on solution heat treated material. It will be noted 
that in comparison with as-cast properties the effectively heat treated alloys 
develop greater strength but lower ductility at room temperature and at 1600 F 
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(870 C). This experience has been general; solution heat treatment, especially 
when carried out at a temperature high enough to produce homogenization, 
increases creep strength but not hot ductility. Thus the data do not confirm 
the hypothesis that segregation is responsible for the lower ductility of 
cast alloys. 

There is a distinct difference in microscopic structure. Wrought alloys 
have a relatively uniform distribution of constituents while the cast material, 
whether coarse or fine-grained, is a mosaic of tiny cells, each of which consists 
of a periphery of relatively strong austenite containing considerable precipitated 
carbide surrounding a core of more plastic austenite with a lower carbon content. 
Undoubtedly this three-dimensional mosaic influences high temperature prop- 
erties, which change considerably when it is destroyed by homogenization. The 
exact role of these segregation cells in determining properties is not clear, 
however. 

Mr. Bobrowski probably misunderstood our comments on the relative 
merits of logarithmic and semilogarithmic plotting of creep data. We are 
trying to remain open-minded on the subject, believing as Dr. Gillett has 
pointedly remarked‘ that the great need is for more experimental data before 
mathematical analyses are accepted. In this paper our own data are presented 
by logarithmic plotting; the Battelle Memorial Institute results are on semi- 
logarithmic paper, and one A.C.I. heat is presented in both ways. The data at 
1800 F (980 C) in Fig. 8, 2150 F (1175C) in Fig. 10, and 1800 F (980C) in 
Fig. 11 coincide rather weil with straight lines on the log-log paper. The poor 
agreement of some of the other points is tentatively attributed to experimental 
error, which is sometimes quite large on these alloys because of the potent 
variable of carbide habit. 

We strongly suspect that when data follow the semilogarithmic behavior 
best (assuming the absence of erratic factors) there are two variables involved. 
Besides the normal stress versus creep or life relationship that we wish to 
determine, the factors of growth, intergranular oxidation, sluggishness in 
attaining the stage of minimum creep rate, and change in stress because of 
reduction in area during progress of the test all may operate singly or together 
to curve the logarithmic plots downward. In creep testing cast irons the factor 
of growth is quite important. In much of the published data on ferritic steels 
at lower temperatures, and in our own laboratory testing of austenitic alloys at 
and above 1800 F (980 C), intergranular oxidation apparently causes an abrupt 
change in the logarithmic relationship. If data points are few the breaks may 
be obscured, making a semilogarithmic plot seem more appropriate. 

In some cases, we have found a rather sharp break in creep curves for 
rates near or below the 1% per 10,000-hour range, the lower load tests exhibiting 
an unexpectedly high creep rate. Very careful plotting of such data on a 
magnified scale suggests that the value being used is actually in Stage I and that 
the creep mechanism is so sluggish that Stage II will require longer than the 
usual 1000-hour test to establish it with certainty. 

Elimination of many of these factors by careful selection of the material 


4H. W. Gillett, “Some Things We Don’t Know About the C of Metals,”’ Trans- 
actions, American Institute of Mining and Metallurgical Engineers, Vol. 135, 1939, p. 15. 
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Chemical Composition 
| C% Mn% Si% Ni% Cr% NY 


O19 0.41 043 114 265 0.08 


Temp. 1800 F 
— 





Tensile Stress - 1000 psi 








0.000! OOO! 0.01 0.1 1 10 
Minimum Creep Rate - % per Hour 
Fig. A—Typical Evidence Justifying the Straight-Line Log-Log Plot of Creep Data. 


has some promise of clarifying the situation. Fig. A presents the results of 
such an experiment. This is a quite weak alloy that is very little influenced by 
carbide precipitation, it has excellent hot gas corrosion resistance and surface 
stability with very little tendency toward intergranular oxidation, it is not 
subject to growth as is the case with cast iron, and the relatively low strength 
permits rather rapid establishment of Stage II rates. The data points have 
been corrected for the reduction in area near the end of Stage II. It will be 
noted that this conforms very well to a logarithmic plot over six logarithmic 
cycles of strain rate. It is this type of evidence that leads us to use log-log 
plots until the controlling laws have been more clearly established. 

Mr. Sutton’s remarks represent confirmation by field experience of the 
superiority in hot gas corrosion resistance of the “HU” type in comparison 
with the “HT” compositions. As there is little difference in final cost for the 
two, the “HU” grade should become increasingly popular. 

Mr. German has suggested a relationship between thermal fatigue resistance 
and creep strength and has indicated that titanium and molybdenum (U. S. 
Patent 2,408,771) or columbium additions benefit both. 

The figures for the occurrence of the third stage of creep for the three 
alloys tested at 1800 F (980C) and 2000 psi are not consistent with the data 
from our Laboratory and Battelle. It is possible that the test conditions per- 
mitted control temperature cycling to accelerate the creep rates. 

The information on the titanium modifications tested at 1800 F (980C) and 
3000 psi permits conversion to the form of presentation in this paper, with 
indicated minimum creep rates of 0.00007, 0.00001 and 0.00006% per hour 
respectively for heats 9145, 23044 and 19144. Assuming stress-creep rate slopes 
parallel to those tested for the HT-55 type a limiting creep-stress range of 
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perhaps 3300 to 4200 psi is probable, which is consistent with known effects of 
strong carbide-forming elements in the Cr-Ni-Fe heat resistant alloys. The 
comments on eight-fold and eighty-fold improvement in creep resistance should 
be interpreted carefully. Note that a hundred-fold decrease in creep rate at 
constant load may mean only a doubling of load-carrying ability, and even this 
relation is dependent on associated fracture behavior and on the slope of 
plotted creep data. 

The idea that thermal fatigue and creep are related is compatible with the 
analysis presented in our paper. If plastic flow occurs on each heating cycle it is 
expected that ordinary tensile ductility will control the occurrence of cracking. 
The A.C.I. test at Battelle represents these conditions. If the short-time creep 
strength is high enough to prevent plastic flow, however, a reversal of behavior 
is expected and good resistance to cyclic thermal stresses, without regard to 
room temperature ductility, is anticipated. 

Note that, in contrast to many applications, short-time strength is apparently 
more important to thermal fatigue behavior than long-term creep data, as heat 
treating cycles seldom exceed a few hours. 

It was not intended that this paper cover unusual alloy modifications of the 
“HT” type but as a contribution to the study of thermal fatigue the following 
data indicating the influence of columbium on relatively short-time creep prop- 
erties are presented (Table A). 


Table A 
Columbium In “HT” (16% Cr-35% Ni) Alloys 


As-Cast Tensile Properties 











Alloy Chemical Analysis, %———_. Ult. Strength Elongation 
No. Cc Mn Si Ni Cr N Ch psi % in 2 in. 
HT-56a 0.56 0.71 1.22 34.7 16.4 0.036 66,500 8.0 
HT-56 b 0.56 0.89 1.27 34.8 15.9 0.037 ; 67,500 8.5 
HT-56 Cbl 0.56 0.88 1.29 33.7 16.6 0.029 0.94 67,500 7.0 
HT-55 Cb2 0.55 0.88 1.29 33.5 10.5 0.033 1.90 75,000 7.0 
= Stress-Strain-Rupture Properties—————_ 
At 1400 F & 30,000 Psi At 1400 F & 20,000 Psi At 1800 F & 6000 Psi 
Fracture Min. Fracture Min. Fracture Min. 
Cb Time Creep Kate Time Creep Rate Time Creep Rate 
Alloy Ne Hours % per Hour Hours % per Hour Hours % per Hour 
HT-56a nig i 37 0.16 22 0.07 
HT-56 b adi 1.1 7.2 52 0.16 32 0.05 
HT-56 Cbl 0.94 0.78 14.0 46 0.17 123 0.025 
HT-55 Cb2 1.90 1.9 5.4 85 0.044 165 0.010 


It is not usually possible for an engineer to determine by analysis whether 
strength at the maximum or ductility at the minimum of a thermal cycle is 
controlling the tendency to crack. 
answer (unless the maximum temperature is too low) is presented by a service 


trial of the HT 


" -e 


“JO 


The possibility of obtaining a clear-cut 


Cb2 above against HT-20 or a similar low carbon modification 


with high room temperature ductility and relatively low hot strength. 
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